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ABSTRACT 
Sustainable materials and methods have achieved a pivotal role in the research plethora of 
the new age due to global warming. Cement production is responsible in contributing to 
5% of global CO2 emissions. Complete replacement of cement by alkaline activation of 
aluminosilicate waste materials such as slag and fly ash is a major advancement towards 
reducing the adverse impacts of cement production. Comprehensive research has been 
done, to understand the optimized composition and hydration products. The focus of this 
dissertation is to understand the multiscale behavior ranging from early age properties, 
fundamental material structure, fracture and crack resistance properties, durability 
responses and alternative activation methods to existing process.  
The utilization of these materials has relied primarily on the dual benefits of reduced 
presence in landfills and cost. These have also proven to yield a higher service life as 
opposed to conventional ordinary portland cement (OPC) concrete due to an enhanced 
microstructure. The use of such materials however has not been readily acceptable due to 
detrimental early age behavior. The influence of design factors is studied to understand the 
reaction mechanism. Silicon polymerization at the molecular level is studied to understand 
the aluminosilicate interactions which are responsible for prevention of any leaching of 
ions. A comparative study between fly ash and slag binders is carried out to evaluate the 
stable states of sodium, aluminum and silicon in both these binders, since the likelihood of 
the sodium ions leaching out is high.  
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Compressive and flexural strength have been reported in previous literature, but the impact 
of crack resistance was unevaluated from an approach of characterizing the fracture process 
zone. 
Alternative routes of activation are explored with an intent to reduce the high alkalinity by 
use of neutral salts such as sodium sulfate. High volume OPC replacement by both class C 
and F fly ash is performed to evaluate the differences in hydration phase formation 
responsible for its pore refinement and strength. Spectroscopic studies have also allowed 
to study the fundamental material structure. Durability studies are also performed on these 
samples to understand the probability external sulfate attacks as opposed to OPC mixes.  
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1 INTRODUCTION 
1.1 General 
Since the beginning of the twenty first century, the effect of global warming has been 
constantly observed across the world. The last decade of the twentieth century witnessed 
the rapid industrialization in the developed as well as the developing world. Ever increasing 
infrastructure, which relies heavily on the use of cement as the primary ingredient; is one 
of the core drivers of industrialization among the developing world. That cement 
production is the single largest contributor to greenhouse gases is a well-known fact. The 
increasing infrastructure throughout the world has elevated cement production as the single 
largest contributor to global carbon footprint in the recent decades. The phenomenon of 
global warming has reached critical levels and the effects of climate change are expected 
to take place much earlier than previously predicted. It has become imperative that we 
reduce our carbon footprint by utilization of sustainable policies, practices and materials 
and as such sustainability in civil engineering materials has taken center stage as the central 
theme. This is evident from the importance given to the incorporation of alternative 
cementitious materials in the mainstream practice by major concrete consortiums of the 
world. 
1.2 Impact of Manufacture/Utilization of OPC 
Over the past several years, concrete industry has consistently moved towards use of 
sustainable practices by incorporating significant amounts of industrial waste and by-
product materials such as fly ash, metakaolin, gypsum, silica fume, limestone, copper slag, 
iron powder, ground granulated blast furnace slag (GGBFS) etc. in concrete. Partial 
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replacement of OPC for both structural and non-structural applications have already 
become a widely practiced norm in the construction industry. Conventionally, replacement 
levels of 10 to 30% to OPC are practiced to reduce cost and obtain enhanced durability 
properties. Use of supplementary cementitious material has predominantly been as a filler 
or as a complimenting phase to the OPC hydration. Denser microstructures are achieved 
with enhanced durability properties such as thermal resistance, resistance to sulfate attacks, 
reduced alkali silica reactivity and resistance to chloride ion permeability. However, 
supplementary cementitious materials are not conventionally used with the intention of 
acting as a binding agent. 
1.3 Use of Supplementary Cementitious Materials (SCM) 
Over the past several years, concrete industry has consistently moved towards use of 
sustainable practices by incorporating significant amounts of industrial waste and by-
product materials such as fly ash, metakaolin, gypsum, silica fume, limestone, copper slag, 
iron powder, ground granulated blast furnace slag (GGBFS) etc. in concretes. Partial 
replacement of OPC for both structural and non-structural applications is already practiced 
in the construction industry. The replacement levels of 10 to 30% of OPC is practiced 
conventionally to reduce cost and obtain enhanced durability properties. The use of 
supplementary cementitious material has predominantly been used as a filler or a 
complimenting phase to the OPC hydration. However, these supplementary cementit ious 
materials are not conventionally used with the nature of binding. Denser microstructures 
are achieved with enhanced durability properties such as thermal resistance, resistance to 
sulfate attacks, reduced alkali silica reactivity and resistance to chloride ion permeability.  
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1.4 Alternative Methods for Sustainable Binder Development 
The need to reduce the cement production and consumption has led research towards 
alternative cementitious materials to satisfy the requirement of binders in concretes by 
employing methods that can facilitate the use of supplementary cementitious materials  
alone as cementing agents in concretes. This allowed for the development of a variety of 
reaction mechanism pathways to facilitate binding. Due to the compositional, reactivity 
and size differences; no standardized methods are available. Binder development 
mechanism has to be altered with every batch of raw material, as most of them are industry 
byproducts and have a wide difference in compositional margins. Some of these 
mechanisms require relatively higher pH solutions in order to dissolve highly crystalline 
phases which may be rendered non-reactive in relation to water. 
1.5 Motivation for Present Research 
In the field of alternative cementitious materials, the research on geopolymers and alkali 
activated binders has seen significant advancements. These advancements have been with 
respect to characterization of reaction chemistry and mechanism, mechanical and durability 
properties. Extensive research has also been published to highlight the resistance to heat, 
sulfates and alkali silica reactivity. There still exists a broad section of early and later age 
properties which need to be analyzed from the fundamental material structure perspective . 
Resistance to crack propagation and damage mechanisms should be studied with more  
novel and state-of-the-art non-contact testing methods such as Digital Image Correlation 
(DIC). Fresh paste properties need to be evaluated to study the structural development and 
its effect on rheological properties. Shrinkage at early and later ages has been of significant 
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concern in the case of alkali activated slags, and has not yet been evaluated from the paste 
viscosity and stiffening perspective. Slag pastes display the highest shrinkage behavior 
compared to mortar and concrete samples due to the effect of particulate reinforcement. 
Reduction in shrinkage behavior can be achieved via particulate and fiber reinforcements, 
however, not a significant impetus has been done to study the paste stiffening behavior 
coupled with moisture loss and strain development. Thus, the need for standardizing and 
implementing these materials in mainstream construction need to be evaluated and 
addressed. 
1.6 Objectives and Significance of the Research 
This study is aimed at understanding the influence of the source material (fly ash or slag), 
the type of activator (sodium hydroxide, liquid and solid sodium silicate), and level of 
activator loading on the properties of the resultant alkali activated binder system. Detailed 
experimental studies have been conducted to observe the early age properties through 
understanding of the kinetic reaction and setting behavior. Reaction products formed in 
such systems has been characterized by means of advanced material characteriza t ion 
techniques along with the influence on mechanical properties. The long term durability of 
this new binder system is investigated by studying the resistance of chloride ion 
penetration. It is anticipated that an understanding of these properties for such anew system 
facilitated by this study will provide motivation to the increased use of cement free 
concretes. 
The objectives of this research have been summarized as below: 
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i. To quantify the economic, environmental and durability impact of alkali silicate 
and hydroxide activated slag and fly ash concrete in comparison to traditiona l 
OPC concrete; 
ii. To evaluate the fresh paste shrinkage behavior of alkali silicate and hydroxide 
activated slag binders in coordination with study of reaction kinetics, rheology 
and strain characterization; 
iii. To understand the time and temperature effects on the fundamental structure 
formation of hydration product of alkali activated slag and fly ash binders by 
analyzing the 29Si, 27Al and 23Na NMR spectra and FTIR spectra; 
iv. To study the fracture and crack resistance properties of alkali silicate and 
hydroxide activated slag binders using mechanical testing coupled with DIC 
measurements; 
v. To investigate the chloride binding and permeability resistance properties; and 
its dependence on hydrotalcite formation in alkali silicate and hydroxide 
activated slag binders through advanced material characterization and 
migration techniques; 
vi. To evaluate reaction kinetics, hydration product formation and characterizat ion, 
mechanical strength and durability aspects of novel reaction mechanism by 
utilization of neutral salt for alkali activation of high volume fly ash-OPC 
blends. 
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1.7 Organization of Dissertation 
This dissertation is structured with eleven chapters describing the various early age and 
later age properties of alkali activated binders along with the development of novel 
activation mechanisms. The contents of each chapter have been summarized below: 
Chapter 1 : A brief introduction of the current need to research on alternative 
cementitious materials in order to reduce the impact of earth’s carbon footprint due to the 
environmentally sensitive utilization of OPC; the motivation, objective and significance 
behind the present research and the organization of the chapters. 
Chapter 2 : Portrays a comprehensive understanding for the need of OPC-free binders 
and lists the alternative binder systems along with the evolution of alkali activated binders. 
It also describes the theory of the activator media and the mechanism of alkali activation 
for multiple sources and its various curing methods adopted  
Chapter 3 : Summarizes the materials used and the mixing procedure adopted for 
various types of activator types while listing the different types of testing methods applied; 
ranging from the tests involved for early to later age properties, durability, reaction product 
analysis and microstructural characterization. 
Chapter 4 : Investigates the impact of alkali activated slag and fly ash binders with 
respect to the costs, CO2 released per unit of concrete in comparison to OPC concrete, 
while also discussing the reduction in the life cycle costs due to enhanced durability 
properties  
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Chapter 5 : It evaluates fresh paste shrinkage, one of the most detrimental behaviors 
of alkali activated slag, evaluating the effect of reaction kinetics and rheology on the paste 
stiffening behavior; discussing the strain maps generated by continuously tracking the 
strain evolution using DIC. 
Chapter 6 : It investigates the changes in the fundamental material structure using the 
29Si NMR and FTIR to study time and temperature effects on the evolution of alkali 
activated slag binders. Also discusses at the influence of alkalinity and the silicate content. 
Chapter 7 : Compares the fundamental material structure of alkali activated slag and 
fly ash by evaluating the effect of time and curing conditions respectively while varying 
the silicate content in the binder conducting a comprehensive analysis by conducting 29Si, 
27Al and 23Na MAS NMR. 
Chapter 8 : It evaluates the fracture response of alkali activated slag binders to 
compare the strain energy release rates of binder with changing silicate content. It also 
investigates the crack propagation and strain localization behavior by studying the  
evolution of fracture process zone. 
Chapter 9 : It investigates the chloride ion transport properties of alkali activated slag. 
It also looks at the formation of critical zeolite phases which facilitate chloride binding and 
prevent further the permeability. It investigates the influence of silicate content on the 
penetration depth.  
Chapter 10 : It discusses the reaction kinetics, mechanical, pore structure and hydration 
product characteristics of alkali activation of high volume fly ash blends by neutral salts. 
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It also investigates volume stability with respect to sulfate attack test in comparison to OPC 
based binders. 
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2 LITERATURE REVIEW 
2.1 General 
This chapter discusses the background information and previous research on the production 
and properties of concretes which contain no Portland cement, but instead contains alkali 
activated fly ash, slag and/or other aluminosilicate materials as the binding medium. The topics 
covered in this review include the properties of the constituent materials, the mechanical and 
durability properties of the resultant binder systems, and the kinetic and chemical aspects of 
reaction product formation and microstructural development in these systems. 
2.2 Need for OPC-free Binders 
The production of Portland cement consumes significant amounts of natural materials and 
energy, and emits significant amounts of CO2 into the atmosphere. For example, the 
production of one ton of cement requires approximately 4500 MJ of energy and emits 0.8 
tons of CO2 into the atmosphere [1]. Traditionally, reduction in cement consumption has 
been attained by the use of industrial by products such as fly ash and ground granulated 
blast furnace slag (GGBFS) as partial cement replacement materials. However, with 
increasing emphasis on sustainability, researchers have tried to use industrial by products 
such as fly ash and slag as the sole binding material in concretes instead of partial 
replacement of ordinary Portland cement. Alkali activated binder concretes, also known as 
geopolymer concrete, inorganic polymer concrete, or cement free binder (CFB) concrete 
were all consequences of this approach. Such use of industrial by-products/waste materials 
helps in reducing the stresses on landfills and cuts the costs associated with the disposal of 
these materials. 
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Alkali activated binder concrete has the potential to be very useful engineering materials 
for a wide range of applications. This class of materials was originally developed in France 
in the 1980’s as the result of a search to develop new fire resistant building materials. Since 
that time, such concretes have proven to be efficient in many applications where ceramics 
and concretes are currently being used. In order to effectively apply these cement free 
binder composites as engineering materials, it is essential to understand the microstructure, 
properties, and performance characteristics of these materials. Numerous studies have been 
conducted over the last few decades to determine the composition-microstructure-property 
relationships in such systems. General consensus advocates that further research will 
facilitate an even better understanding of the material and provide valuable information to 
tailor the material for specific applications in the infrastructure sector which is the most 
prominent consumer of structural concretes. 
2.3 Alternative Binder Systems 
2.3.1 Geopolymers 
The fly ashes typically have low calcium content and are activated by alkali hydroxides, 
sodium silicate, or both in water. Geopolymers reportedly attain strength through 
polymeric silicon-oxygen-aluminum framework structures. Typically, concrete made with 
geopolymer cement loses plasticity within a few minutes after mixing and also requires 
elevated curing temperatures of 60 to 150°C (140 to 302°F) for the initial few days [2]. As 
a result, geopolymer cement concrete has had limited acceptance in the construction 
industry. However, at least one geopolymer concrete, based on the chemical activation of 
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a mixture of slag cement and fly ash, has been successfully used for airport and building 
construction. 
2.3.2 Activated Glassy Cements 
Activated glassy cements are made of either natural material such as clays or industrial by-
products such as fly ash and slag cement. The glassy components are typically 
aluminosilicates. The functional additions such as alkalis typically raise the pH, thus 
increasing the reactivity of the glassy phases. As the concentration of alumina and silicate 
species approach saturation in the pore fluid, an amorphous to semi-crystalline inorganic 
polymer is formed that, in some cases, may be similar to a geopolymer [2]. 
2.3.3 Hydraulic Fly Ash Cements 
A more recent glassy cement system comprises Class C and Class F fly ash with a 
proprietary, non-alkali activator. The hydration product is mainly composed of a calcium-
aluminosilicate-hydrate that forms the binder phase. This is in contrast to the calcium-
silicate-hydrate (CSH) gel that is the primary binding phase of portland cement concretes. 
Depending on the curing conditions and the concentration of the activator, hydraulic fly 
ash cement can exhibit a wide variety of beneficial properties including high compressive 
strength, low creep and drying shrinkage, good acid resistance, and good fire resistance. 
Also, the system will not promote deleterious expansion associated with alkali-sil ica 
reaction. The spherical shape of fly ash particles is beneficial for reducing water demand 
and for maximizing particle packing to reduce porosity [3]. 
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2.3.4 Activated Slag Cements 
An activated slag cement concrete has a binder phase made of ground-granulated blast-
furnace slag (GGBFS), water, and an activator that triggers the chemical reactions 
involving dissolution of slag cement and polymerization of calcium-silicate and aluminum-
silicate phases that serve as the binder. Although slag cement can self-activate, external 
activators are needed to enhance reaction rates and form stronger products. Sufficient alkali 
content is also necessary for the development of significant strength [4]. Slag cement being 
inherently deficient in alkalis, these have to be supplied externally. Alkali-activated slag 
cement displays very good strength and durability [5], and it exhibits a variety of other 
potentially valuable characteristics, such as fire resistance and resistance to damage 
associated with contact with waste water. 
2.3.5 Calcium Aluminate Cements 
Calcium aluminate cements (CACs) are a special class of cement containing primarily 
aluminates and calcium. Small amounts of ferrite and silica are also typically present. 
CACs were developed in the early 1900s to resist sulfate attack. CACs are inherently rapid 
hardening and can be rapid setting. The setting time is adjustable with appropriate chemical 
admixtures. These cements are often used in repairs, rehabilitation, and construction of 
concrete flatwork (for example, sidewalks and overlays). The rapid hardening properties, 
resistance to sulfate attack, and abrasion resistance (as well as being a material that does 
not promote alkali-aggregate reaction) make these cements desirable in a wide range of 
special applications. The manufacturing process for CACs generates significantly less CO2 
than portland cement production—roughly on the order of 50%. However, slightly more 
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grinding energy is required than for portland cement due to the increased strength of the 
clinker [6]. Several structural collapses in the 1970s were attributed to CAC conversion, a 
process in which metastable phases of the CAC hydration products convert to more stable 
hydration products with smaller crystalline structure. Conversion results in an increase in 
the porosity of the overall matrix, and the strength decreases by as much as 50%. Many 
structural codes subsequently banned the use of this material. Since then, intensive research 
has provided a greater understanding of CAC chemistry and behavior, allowing the 
development of concrete mixtures with reduced conversion rates. 
2.3.6 Calcium Sulfoaluminate Cements 
Calcium sulfoaluminate (CSA) cements are a type of rapid-setting or shrinkage-
compensating cement that first came to prominence in the 1970s. They are receiving 
increasing examination from the cement industry and researchers as a lower-energy, lower-
CO2 alternative to portland cement. Such cements contain as a primary phase ye’elimite 
(CaO)4(Al2O3)3SO3 or C4A3S̅ in cement chemistry notation—which was used by 
Alexander Klein in the 1960s as an expansive additive to portland cement and is sometimes 
called Klein’s compound or salt [7]. These cements are defined within the CaO–Al2O3–
SiO2–Fe2O3– SO3 compositional system. 
To date, studies on the durability of CSA cements have been promising. In addition to their 
beneficial setting and shrinkage properties, long-term strength and durability have been 
shown to exceed those properties for portland cement. These cements have seen 
widespread and high-volume use as bridge decks, airport runways, and pavement patching 
materials, where rapid setting is required.  
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Significant environmental advantages are associated with CSA cements. Less limestone is 
required in the production of the calcium sulfoaluminate clinker needed for CSA, so its 
production generates less CO2 per unit of raw material than portland cement. The calcining 
of the raw materials for clinker formation also occurs at temperatures of 1160 to 1200°C 
(2120 to 2190°F), much lower than those used for firing portland cement clinker (1450°C 
[2640°F]). 
 Concrete with no cement, also known as alkali activated concretes, inorganic polymer 
concretes, or geopolymer concretes are result of this approach. Despite the fact that such 
alkali activated systems have been present for many years the practical implementation of 
it on the field has been very restricted due to the lack of knowledge of this material.  
2.3.7 Magnesia Cements 
Magnesia cements are a range of cements based on magnesium oxide (MgO) as the key 
reactive ingredient. The first type of magnesia cement—magnesium oxychloride— was 
developed by Stanislas Sorel in 1867 and is now referred to as Sorel or magnesite. With 
varying levels of success, a variety of other magnesia cements have been developed based 
on permutations of MgO as the binding phase. Magnesium oxysulfate cements have similar 
properties to magnesium oxychloride cements. Poor weathering resistance is the main 
drawback for this type of cement.  
Magnesium phosphate cements are characterized by very high early strength and rapid 
setting—properties that make these cements useful as a rapid patching mortar. Unlike 
magnesium oxychloride and oxysulfate cements, magnesium phosphate cements have 
good resistance to water and freezing-and-thawing cycles. A major drawback, however, is 
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the cost of the cement (due to the high cost of phosphate), which limits applications to 
niche areas. 
2.3.8 CO2 Cured Cement 
CO2-cured cement is composed primarily of low-lime calcium silicate phases such as 
wollastonite/pseudowollastonite (CaO·SiO2) and rankinite (3CaO·2SiO2) in contrast to the 
high-lime alite (3CaO·SiO2), belite (2CaO·SiO2), tricalcium aluminate (3CaO·Al2O3), 
tetracalcium aluminum ferrite (4CaO·Al2O3·Fe2O3), and gypsum (CaSO4·2H2O) phases 
present in portland cement. CO2-cured cement is made from the same raw materials as 
portland cement and existing portland cement plants can be used without modification for 
its manufacture. However, the clinker of CO2-cured cement is produced at a temperature 
of about 1200°C (2190°F)—about 250°C (450°F) lower than the temperature used in 
portland cement clinker manufacturing—reducing CO2 emissions by about 30%. Concrete 
products comprising of CO2-cured cement are manufactured using the same basic mixing 
and forming processes as those comprising portland cement. However, while mixing water 
is used, CO2-cured cement is not a hydraulic cement because setting and hardening 
develop from reactions between the calcium silicates in the cement and CO2 that’s supplied 
during the mixing of the concrete. These reactions form calcite (CaCO3) and silica (SiO2), 
respectively, allowing concrete products to sequester up to 300 kg of CO2 per ton (600 lb 
of CO2 per ton) of CO2-cured cement. The reduced emissions during manufacturing of the 
cement and the sequestration of CO2 during curing of the concrete reduces the carbon 
footprint of CO2-cured cement by up to 70% relative to portland cement. 
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2.4 History and Application of Alkali Activated Binders 
The earliest published work on alkali activated concretes was by Feret (1939) and Purdon 
(1940) on alkali activated slag binders. Later, Krivenko (1994) pointed out the difference 
between use of alkali as an accelerator and alkali as a part of structure forming element in 
such concretes. In his research, such systems were described as “soil silicates”. Alkali 
activated systems were then categorized based on the starting material. In 1979, Davidovits 
developed a new type of binder similar to the alkaline binding system, using sintering 
products of kaolinite and limestone or dolomite as the aluminosilicate constituents. 
Davidovits (1991) adopted the term ―geopolymer‖ to emphasize the association of this 
binder with the earth mineral found in natural stone and to differentiate it from other alkali 
activated binding systems. 
Cement free binder concretes have been found to provide high strength and good durability 
characteristics such as reduced transport characteristics and better acid and fire resistance 
[8–12], thus providing it with the potential to replace Ordinary Portland Cement concretes. 
As mentioned earlier, the original application of geopolymers was as a fire resistant 
material [13]. Alkali activated concretes also have applicability as repair materials because 
of their better early age strengths (in most cases, depending on the activator and source 
material chemistry) and bonding with the substrate material [14]. Geopolymers are ideal 
for high temperature applications. Geopolymers have been shown to remain structura lly 
stable at temperatures up to 800°C [15]. When combined with carbon fibers to form a 
composite material, geopolymers proved to be cost-effective as compared to traditiona l 
carbon fiber/resin composites and performed better in structural and functional applications 
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including those at high temperatures [16]. The need for green technologies has also created 
applications for geopolymers in areas involving immobilizing toxic metals and reducing 
CO2 emissions [17]. Alkali activated slag has been commercially produced and used in 
construction projects. However most of the commercial application of this system has taken 
place in the former Soviet Union, China, and some Scandinavian countries. Other siliceous 
calcareous materials, such as red mud-slag [18] and high-calcium fly ash can also be 
activated to form binding materials [19], although not as effectively as slag. The application 
of alkali activated aluminosilicates mainly depends on the Si/Al ratio of the starting material.  
Table 2.1 shows the possible application of alkali aluminosilicate materials. 
Table 2.1: Application of alkali aluminosilicates [20] 
Si/Al Application 
1 Bricks, ceramics, fire protection 
2 Low CO2 cements, concrete, radioactive and toxic waste encapsulation 
3 Heat resistance composites, foundry equipment, fiber glass composites 
>3 Sealants for industry 
20<Si/Al<35 Fire resistant and heat resistant fiber composites 
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2.5 Activator media and its properties 
The aluminosilicate or calcium aluminosilicate based materials need to be activated using 
a chemical activating agent to form the resulting binding material. Alkali hydroxides (Na 
or K hydroxides) are the simplest of the activating agents. Alkali silicates (Na or K 
silicates) as well as alkali carbonates and aluminates are also used as activating agents. 
This section provides details on the alkali hydroxides and silicates used as activators. 
2.5.1 Alkali Hydroxides 
Sodium and potassium hydroxides are the most commonly used alkali hydroxides in the 
production of alkali activated binders. NaOH is fairly cheap and widely available making 
it an obvious choice for activation of fly ash and metakaolin. However, the corrosive nature 
of the highly alkaline alkali hydroxides (1 M NaOH having a theoretical pH of 14) presents 
handling issues.  
The use of high concentrations of NaOH or KOH as the activating agent has been reported 
to lead to the formation of zeolitic structures after an extended period of moist curing or a 
brief period of heat curing [21]. Heat curing is commonly employed when fly ash or metakaolin 
is activated using NaOH or KOH. The carbonation of the reaction products activated using the 
alkali hydroxides is a concern. 
2.5.2 Alkali Silicates 
Sodium silicate is a very commonly used activating agent for alkali activated binder 
systems. Chemically, it is sodium metasilicate, Na2SiO3, and is also known as water glass 
or liquid glass. Anhydrous sodium silicate consists of a chain polymeric anion composed 
of corner shared [SiO4] tetrahedra. The hydrates of sodium silicate have the formula 
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Na2SiO3.nH2O where n=5, 6, 8, or 9. Different grades of sodium silicate are generally 
characterized by their silica modulus (SiO2-to-Na2O (or K2O) ratio), which varies from 1.5 
to 4. The silica modulus can be varied using the addition of NaOH to sodium silicate. 
Commonly available waterglass has a silica modulus of 3.2 and contains 36-38% solids.  
The major differences between sodium and potassium silicates as far as their properties are 
concerned, is the viscosity. Potassium silicate solutions have a markedly lower viscosity 
that sodium silicate at the same silica modulus, thereby making mixtures workable at a 
lower activator-to-binder ratio. However, potassium silicates are more expensive making 
them less conducive for practical applications. The activator pH is dependent on the silica 
content in the activator for a fixed water content as shown in Figure 2.1 and hence not only 
does the soluble silicates take part in the final reaction product but also influences the init ia l 
dissolution of binders. 
 
Figure 2.1: Influence of alkali modulus on pH of the activator [22] 
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2.5.3 Alkali Sulfates 
Multiple sulfate salts of alkali and alkali earth metal elements are currently investigated for 
their effect on alkali activation of cementitious binders. The most commonly used salts are 
sodium sulfate, potassium sulfate, calcium sulfate and magnesium sulfate. Unlike sodium 
silicate and sodium hydroxide, sodium sulfate can be obtained either from natural occurring 
sodium sulfate-bearing brines, crystalline evaporate deposits or as a by-product during the 
manufacture of various products such as viscose rayon, hydrochloric acid and silica 
pigments. Thus, by using sodium sulfate as an activator, a more environmentally friendly 
cementitious system could be formulated. One possible reason for its low popularity could 
be due to its low early strength [23]. Alkali sulfates have proven to enhance init ia l 
dissolution of the binders upon mixing [24] but not higher in comparison to sodium 
silicates and hydroxide [25]. The influences of sodium sulfate as an activator on fly ash-
clinker blends and slag [24,26] has been studied. The use of sodium sulfate in binders with 
prominent calcium component relies on the formation of gypsum and ettringite. Generally 
added in quantities of about 2-5% since, the excess may cause the delayed ettringite 
formation [27]. It can be seen from Figure 2.2 that the enhancement in strength can only 
be facilitated until a threshold beyond which deterioration occurs due to expansion of 
ettringite phases causing micro-cracks to weaken the microstructure. 
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Figure 2.2: Effect of calcium sulfate anhydrite on 35% fly ash replacement (cured in 
65oC for 6h) [28] 
2.5.4 Calcium Oxide 
The use of calcium oxide (CaO) demonstrates a superior potential for the activation of 
ground granulated blast furnace slag (GGBFS), and it produces a higher mechanica l 
strength than calcium hydroxide [Ca(OH)2]. The mechanical strength differences between 
CaO and Ca(OH)2-activated GGBFS binders are explored using isothermal calorimetry, 
powder X-ray diffraction, thermogravimetric and differential thermal analysis (TGA and 
DTA) as well as compressive strength testing. calcium silicate hydrate (C–S–H), Ca(OH)2 
and a hydrotalcite like phase are found as reaction products in all samples. The TGA and 
DTA results indicate that the use of CaO produces more C–S–H, although this is not likely 
to be the primary cause of higher strength development in the CaO activated GGBFS as 
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observed by Kim et al [29]. Rather, other factors such as porosity may govern the strength 
at a higher order of magnitude. Significant reduction of Ca(OH)2 occurs only with the use 
of Ca(OH)2, followed by the formation of carbonate (CaCO3), indicating carbonation.  
These systems produce various phases such as hydrotalcite, akermanite, vaterite and 
calcite. 
Although sodium-based activators result in high strength development due to their high 
concentration of hydroxide ions (OH−), there are several practical problems with this  
activator such as a quick setting time, the toxicity associated with high pH and a relative ly 
high cost [30]. Many previous studies have reported higher compressive strength from 
sodium silicate activation than from sodium hydroxide activation despite sodium silicate's 
lower potential for releasing OH−, explaining that sodium silicate lowering initial reaction 
kinetics contributes to a denser matrix [31,32]. However, sodium silicate can cause the 
paste to set too quickly depending on the amount used, and this is often a significant 
obstacle to practical application [33,34]. Calcium hydroxide [Ca(OH)2] and calcium oxide 
(CaO) are potential alternatives to alkali activators because both chemicals are much less 
expensive than sodium hydroxide or sodium silicate. For example, the bulk cost of NaOH 
is approximately 5–6 times higher than that of CaO worldwide [35], with the current bulk 
costs of CaO and Ca(OH)2 in US at approximately US$90 per ton, while that of NaOH is 
as high as US$590 per ton. 
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Figure 2.3: Compressive strength development of calcium hydroxide (CHSb) and 
calcium oxide (CSb) activated slag binders [29]. 
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2.6 Alkali Activation of Class F Fly Ash Binders 
2.6.1 Constituent Materials 
The choice of the source materials for making geopolymers depends on factors such as 
availability, cost, type of application, and specific demand of the end users. The source 
materials for geopolymers based on aluminosilicates should be rich in silicon (Si) and 
aluminum (Al). These could be natural minerals such as kaolinite, clays, etc. Alternative ly, 
by-product materials such as fly ash, silica fume, slag, rice-husk ash, red mud, etc. could 
also be used as source materials. A few research studies report the use of a combination of 
two source materials to get the desired properties [36]. It was suggested that a kaolinite-
albite-fly ash mixture produced a strong geopolymeric product with rapid solidifica t ion 
and early strength. It is believed that albite improves the hardness while kaolinite increases 
the final strength. 
2.6.2 Material Structure and Reaction Mechanism 
In order to discuss the molecular structures of geopolymers or cement-free binders, the 
term polysialate was coined as a descriptor of the silico-aluminate structure of this type of 
material. The tetrahedral structures, SiO4 and AlO5, are linked in an alternating fashion 
sharing oxygen atoms to compose the sialate network (Figure 2.4) which has often been 
described to be similar to a sodalite network [37][Davidovits 1999]. Due to the negative charge 
of the Al3+ in IV-fold coordination, positive ions must be present to balance out this charge. 
Generally, either potassium (K+) or sodium (Na+) ions are chosen for this reaction, which is 
the reason why alkali silicates or hydroxides (as explained in the previous section) are used as 
the activating agents. 
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Figure 2.4: Aluminosilicate structure and nomenclature [37] 
The geopolymerization process itself is an exothermic polycondensation reaction involving 
alkali activation by a cation in solution. The reaction leading to the formation of a 
polysialate geopolymer is shown below [38]: 
2.1 
2.2 
 
In the above equations, M is the cation used to activate the reaction which is typically 
introduced as either KOH or NaOH. Additional amounts of amorphous silica must be 
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present to form either the polysialate-siloxo or polysialate-disiloxo structures of 
geopolymers. The reaction for the polysialate - siloxo formation is also provided below as 
an illustration of how the two reactions differ [37]. 
2.3 
 
2.4  
After the geopolymerization process is completed, the final geopolymer obtained is 
described by the empirical formula: 
n{-(SiO2) z-(AlO2)}n + H2O     2.5 
Here again, M is a cation used to activate the reaction, n is the degree of polycondensat ion, 
and z = 1, 2, 3 for polysialate, polysialate-siloxo, and polysialate-disiloxo structures 
respectively. The step-wise reaction is shown in Figure 2.5. 
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Figure 2.5: Reaction mechanism of alkali activated aluminosilicates [39] 
2.6.3 Alkali activation of Fly Ash 
Fly ash is a by-product of coal combustion in thermal power plants. Fly ash has been the 
preferred supplementary cementitious material and has extensively been used to replace 
part of cement in concrete. Unused fly ash is usually dumped into landfills contributing to 
soil, water and air pollution [39,40]. Fly ash is usually classified as low-Ca fly ash or Class 
F fly ash and high Ca fly ash or Class C fly ash. Class F fly ash is generally more preferred 
for synthesis of geopolymer concretes due to the higher availability of reactive silica and 
alumina.  
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Alkali activation of fly ash takes place through an exothermic reaction with dissolut ion 
during which the covalent bonds (Si-O-Si and Al-O-Al) in the glassy phase pass through 
the solution. The products generated from dissolution starts to accumulate for a certain 
period of time (called the induction period) during which the heat release is really low. 
Isothermal calorimetric studies (explained in a forthcoming section) are used to distinguish 
the extent of the induction period in systems proportioned using different activator and 
binder types, concentration, and dosages. Following dissolution, condensation reaction 
occurs, producing a strength imparting gel. Most research shows that the activation of fly 
ash with alkalis requires heat curing to gain reasonable mechanical properties. The type of 
alkali activator used also influences the reaction with fly ash. It is found that when an 
activator having a soluble silicate is used, the reaction takes place at a higher rate than 
when a hydroxide based activator is used. The effectiveness of type of activator is ranked 
[41] as shown below:. 
2.6 
2.6.4 Fundamental Structure of N-A-S-H gel 
The N-A-S-H gel is a three dimensional structure which precipitates in systems which are 
low in calcium. It exhibits a Na/Al ratio between 0 to 1.85, Al/Si ratio of 0.05 to 0.43. 
When stable at low pH, it behaves as a zeolite and exhibits ion exchange behavior. High 
pH facilitates formation of more polymerized structures which do not facilitate ion 
exchange behavior. If fly ash is activated with sodium silicates instead of only sodium 
hydroxides, the presence of soluble silicates allows for the bridging of the Q4 structures 
with the Q2 species. The effect of temperature increases the stable formation of the gel even 
29 
 
at lower alkalinity, however this may turn amorphous in the absence of soluble silicates. 
Thus, degrading the compressive strength of the binder if the sample is exposed to 
excessively higher temperatures than 150oC or for a prolonged duration of more than 96 
hours [42]. 
2.6.5 Limitations of Alkali Activated Fly Ash Binders 
The alkali activated fly ash binders have indicated porous microstructures in previous 
literature [43] as the strength development process relies on the conduction of heat while 
heat curing. The extra cost and fabrication required for heat curing may decrease the 
economic viability of these binders on a large scale. The process of heat curing also creates 
hurdles with regards to bulkier concrete segment due to differential heating [40]. This may 
lead to large scale delamination or joints with abrupt changes in strength. The ability to 
encapsulate heavy metal ions is also not efficient in comparison to alkali activated slag 
binders.  
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2.7 Alkali Activation of Glass Granulated Blast Furnace Slag (GGBFS) 
2.7.1 Reaction Mechanism 
The reaction mechanism of aluminosilicates containing a calcium bearing compound 
differs from the geopolymeric reaction as explained in the previous section. Starting 
materials such as slag that are rich in CaO undergoes alkali-activated hydration. Alkalis 
first attack the slag particles breaking the outer layer and then a polycondensation of 
reaction products takes place. Wang et al. (2004) suggested that though the initial reaction 
products form due to dissolution and precipitation, at later ages, a solid state mechanism is 
followed where the reaction takes place on the surface, dominated by slow diffusion of the 
ionic species into the unreacted core through the hydration product layer on the surface. 
The initial dissolution is pH dependent (Figure 2.6) similar to that observed for Ordinary 
Portland Cement. The reaction product formed from alkali activation of slag is very 
different from that of alkali activation of pure aluminosilicates such as fly ash and 
metakaolin. The reaction product is a C-S-H gel but with a typically lower Ca/Si (of the 
order of 0.50 to 1.0, as opposed to 1.5-2.0 for C-S-H from cement hydration). It has been 
observed that an increase in alkalinity results in a lower Ca/Si ratio C-S-H gel [44]. Ca/Si 
< 1.0 is reported for slag pastes mixed with 1 M NaOH and Ca/Si ~ 1.0 for pastes mixed 
with 0.1 M NaOH. It has also been observed that the alkalis are bound to the reaction 
products and are not freely available in the pore solution (this depends on the alkali 
concentration used, though), thereby negating the potential for alkali-silica reactivity.  
It has also been reported that the type of calcium bearing compound in the starting material 
also play an important role in the alkali activation of such materials. When slag is activated, 
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the calcium present in it influences the final reaction product but when Class C fly ash is 
activated, the calcium compounds do not react as much and only a geopolymeriza t ion 
reaction takes place resulting in a N-A-S-H dominated reaction product [45]. 
 
Figure 2.6: Dissolution mechanism of an aluminosilicate glass during the early stage of 
reaction: (A) exchange of H+ for Ca2+ and Na+, (B) hydrolysis of Al–O–Si bonds, (C) 
breakdown of the depolymerized glass network, and (D) release of Si and Al. Charged 
framework oxygen sites are marked in bold; note the charge transfer reaction occurring 
between panels (B) and (C), and proton transfer throughout. All framework Si and Al 
sites are tetrahedrally coordinated to oxygen, but additional bonds are not shown for 
larity [46] 
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2.7.2 Hydration of Slag 
Slag is different from other supplementary cementitious materials in that it has both 
cementitious and pozzolanic properties. When mixed with water, slag develops its own 
hydraulic reaction [47,48]. However, at room temperature, slag is normally not a hydraulic 
material. Activators are required to initiate the hydration. Two activators are present in slag-
ordinary portland cement blends: Ca(OH)2 produced by the hydration of C3S and C2S (lime 
activation), and gypsum (sulfate activation) [29].  
If slag is mixed with water, it dissolves to a small extent but a protective film is quickly formed, 
and inhibits further reaction. Reaction continues if the pH is kept sufficiently high. The pore 
solution in a Portland cement paste, which is essentially an alkali hydroxide medium, is a 
suitable one. The supply of K+ and Na+ ions are limited, but these ions are only partially taken 
up by the hydration products, and the presence of solid Ca(OH)2 ensures that the supply of OH- 
is maintained [49] The final products of the slag reaction (C-S-H and AFm phases) are similar 
to the products of cement hydration; the major difference is in the rate and intensity of reaction. 
Slag also exhibits pozzolanic reactivity in the presence of calcium hydroxide [50]. Therefore , 
a mixture of Portland cement and slag will have at least three component reactions; cement 
hydration, slag hydraulic reaction, and slag pozzolanic reaction [47]. Hydration of slag-OPC 
blended cements is a three stage reaction. Immediately after mixing with water, particles of 
these materials are coated by aluminosilicate hydrates and these coatings are impermeable to 
water. When alkali, calcium hydroxides and sulfates are available due to the further reaction 
of the cement, the hydroxide ions break down the coating and activate the hydration of glasses 
present in the slag. Finally, the pozzolanic reaction takes place in which calcium hydroxide is 
consumed to form secondary calcium silicate hydrates (C-S-H) [48]. The resulting concrete is 
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likely to be dense with a refined and discontinuous pore structure. Slag was the first 
cementitious material to be activated by alkalis and due to its latent hydraulic properties, it 
became the most suitable material for alkali activated cement. 
2.7.3 Fundamental Structure of C-A-S-H gel 
The properties exhibited by alkaline cements and concretes are directly related to the nature 
and structure of their main reaction product, C-A-S-H gel. Further to the literature [51–
53],the C-A-S-H gel forming in AAS pastes, like the C-S-H gel in OPC pastes , is made 
up of tetrahedrally coordinated silicate chains with a dreierkette structure, in which each 
chain consists of (3n-1) tetrahedra. The C-A-S-H gel chains in AAS cements are longer 
(with up to 13 tetrahedra) than the C-S-H gel chains in OPC systems (three to five 
tetrahedra) and, unlike the latter, include aluminium in their structure, which replaces the 
silicon in bridging positions. This substitution of Al3+ for Si4+ generates a charge imbalance 
compensated by the uptake of Na+ ions in the gel. On the grounds of MAS NMR and 
BSE/EDX findings, a number of researchers [51,53] have concluded that the nature of the 
alkaline activator used leads to differences in C-A-S-H gel structure and composition in 
these AAS cements. Fernández-Jiménez et al. and Brough and Atkinson reported that the 
use of waterglass as an alkali activator induces the formation of a C-A-S-H gel with high 
Si Q2and Q3or QPoly contents and the formation of long, intertwined chains. Fernández-
Jiménez et al. [52] likewise concluded that when the activator used is a NaOH solution, the 
C-A-S-H gel exhibits a high Si Q2unit content. These authors confirmed the formation of 
long linear chains with no Si Q3units which they did, however, detect in the C-A-S-H gel 
when using Na2CO3 as the activating solution. Finally, this effect of the nature of the 
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alkaline activator on C-A-S-H gel structure has been confirmed to induce differences in its 
chemical composition [54].To this respect, Ca/Si in C-A-S-H gel in AAS is substantia l ly 
smaller than the C-S-H gel in OPC systems. 
2.7.4 Limitations of Alkali Activated Slag 
Alkali activated slag is known to have initial set times within the first 40 minutes. The rapid 
stiffening and hardening is attributable to the high quantity of reactive calcium in the 
mixture. Apart from the reactive calcium, reactive silica of predominantly Q0 and Q1 allows 
for the rapid Si rich gel to precipitate on the slag particles coupled with the high viscosit y 
of soluble silicates leads to such a rapid setting behavior. Slag activated with significantly 
higher quantities of sodium hydroxide has shown to form layered double hydroxide (LDH) 
plate like structures which hold water in between the plates. However, this allows for 
higher moisture evaporation due to a less tortuous microstructure allowing for high 
shrinkage behavior. Both fresh and drying shrinkage have been indispensable issues for 
alkali activated slag. The shrinkage behavior has been reduced by particle and fiber 
reinforcement of the paste as well as addition of shrinkage reducing admixture. However , 
the effect of SRA is not effective due to the high alkalinity of the system.   
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2.8 Alkali Activation of OPC-Fly Ash Blended Binders via Neutral Salts 
2.8.1 Need for Neutral Salt Activation 
Highly alkaline solutions of sodium silicates and sodium hydroxides yield a higher degree 
of polymerization for the aluminosilicate binder. It primarily contributes to enhanced 
dissolution leading to more ionic species in the media to polymerize with. Use of highly 
alkaline media of pH 14 in the concrete mixing is a potential health hazard [26,28]. This 
could be reduced to by utilization of neutral salts. The use of neutral salts such as sulfates 
and carbonates of alkalis are generally used. The neutral salts present a much lower degree 
of dissolution but reduce the pH by approximately 2 orders of magnitude. Also, they are 
more readily available and cost 1/5th to 1/6th the price of sodium silicates which require a 
high temperature and pressure intensive manufacturing process. The cost reduction and the 
availability of the salts are encouraging factors to conduct alkali activation process via 
neutral salts. 
2.8.2 Reaction Mechanism 
Alkali activation using neutral salt produces lowered dissolution reaction, the 
polymerization of the binder takes longer than those activated with hydroxides and 
silicates. It should preferentially be used with more reactive binder types. Hence in this 
study the fly ash of both types, class C and F were used along with OPC to facilitate the 
early strength development. As OPC allows for the formation of C-S-H gel initially to 
provide inherent heat as well as strength, the fly ash dissolution due to the presence of 
alkali from the salts which leads to a pozzolanic reaction of fly ash. With the addition of 
sodium sulfate as a neutral salt used for alkali activation, the sodium alkalis are replaced 
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with calcium to quickly form gypsum. It also leads to the formation of ettringite due to 
higher amounts of sulfates [24]. The presence of ettringite allows for the densification of 
pores for strength gain. However, a higher than critical sulfate concentration may prove 
detrimental to cause delayed ettringite formation resulting in the formation of micro 
cracks[27]. 
2.8.3 Hydration Product Phases and Composition 
In presence of calcium in a fresh state, the sodium ions may get incorporated in the gel 
only if all the calcium is utilized and there is scope for alkali incorporation. In case of 
exposure to calcium in low pH, ion exchange mechanism can lead to incorporation of 
calcium leading to a (N,C)-A-S-H gel as shown in Figure 2.7 
 
Figure 2.7: Model proposed for the stability of N-A-S-H gel as a function of pH and Ca 
concentration. At low pH, Ca2+association with the 3D aluminosilicate framework is by 
ion exchange with Na+ up to saturation (broken line) [55] 
2.8.4 Durability Concerns 
Since the structure has intrinsically higher sulfate concentration, there is scope for the 
reaction with external sulfates and unreacted calcium in the binder to form ettringite and 
gypsum. The effect is minimized due to a higher presence of fly ash that uses up all the 
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calcium. However, with the unreacted sodium ions, there may also be a possibility of 
sodium ions leaching out of the system to increase the pH of the water in contact. Also due 
to lower polymerization being reached, the structure is highly porous and may not 
sufficiently prevent the penetration of chloride ions to stop corrosion.   
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2.9 Alkali Activated Binder Synthesis 
Production of cement free binder concrete needs an aluminosilicate rich material as the 
binder, alkali for activation and in certain cases heat curing to attain reasonable mechanica l 
properties. 
2.9.1 Mixing Procedure 
The primary difference between geopolymer concrete and Portland cement concrete is in 
the binder. The silicon and aluminum oxides in the source material reacts with the alkaline 
liquid to form the geopolymer paste that binds the loose coarse aggregates, fine aggregates, 
and other un-reacted materials together to form the geopolymer concrete. As in the case of 
Portland cement concrete, the coarse and fine aggregates occupy about 75 to 80% of the 
mass of the geopolymer concrete. This component of geopolymer concrete mixtures can 
be designed using the mixture design tools currently available for Portland cement 
concrete.  
It is reported that when calcium containing source material such as slag and Class C fly ash 
is used, the setting time is low and also the handling of the mixture is difficult due to early 
stiffening [56]. Though most research reports mixtures that are prepared without the use of 
admixtures, few researchers have tried to retard the setting of geopolymer concretes by the 
use of admixtures such as malic acid or magnesium sulfate. Contradictory reports on the 
effectiveness of admixtures in alkali activated systems are reported, with some studies even 
suggesting the use of water reducing and retarding admixtures that are commonly used for 
OPC concretes. 
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2.9.2 Curing Conditions 
Activation of aluminosilicate materials with alkalis generally requires heat curing for the 
formation of alkali aluminosilicate binders. A wide range of temperatures ranging from 
40oC to 90oC have been reported in order to produce alkali activated binders with 
appreciable mechanical properties [57] with a general improvement in mechanica l 
properties when higher temperatures are used. Kirschener and Harmuth (2002) obtained 
the highest strength using alkali-activated metakolin cured at 75oC but found that moist 
curing leads to a strength reduction. Alkali activation of aluminosilicates without the 
presence of a Ca-bearing compound will certainly need heat curing to obtain requisite 
mechanical properties. Alkali activated slag concretes can be moist cured because of the 
potential for the formation of calcium silicate hydrates as the reaction product as explained 
earlier. Prolonged heat curing also leads to shrinkage and consequent cracking and thus 
curing duration and temperature is dependent on the type of binder and activator used.  
The start of heat-curing of geopolymer concrete can be delayed for several days. Tests have 
shown that a delay in the start of heat-curing up to five days did not produce any 
degradation in the compressive strength. In fact, such a delay in the start of heat-curing 
substantially increased the compressive strength of geopolymer concrete. The above 
flexibilities in the heat-curing regime of geopolymer concrete can be exploited in practical 
applications [58]. 
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2.10 Summary of Testing Methodology and Properties of Alkali Activated Binders 
2.10.1  Fresh Paste Properties 
2.10.1.1 Setting Time 
The quick setting property of alkali activated aluminosilicates reduces the time available 
for satisfactorily placing, consolidating, and finishing the concrete, and makes it difficult 
to transport using a ready mix concrete truck if retarding agents are not used. This is 
especially true when alkali activated slag is used. Initial and final setting of alkali activated 
slag binders depend on the type of activator and its concentration. The setting time was 
found to depend on the concentration of activator solution or silica modulus in the case of 
sodium silicate activator. Set retarding admixtures used for ordinary Portland cement have 
been found to be ineffective for alkali activated slag pastes due the differences in reaction 
mechanisms [51]. Very little information is available on set retardation in alkali activated 
slag mixtures though the use of malic acid or phosphoric acid is reported [51]. 
2.10.1.2 Exothermic reaction quantification through calorimetric studies 
Extensive research has been carried out using calorimetric studies to determine the reaction 
kinetics of Ordinary Portland cement hydration. When water is added to ordinary Portland 
cement there is an initial dissolution of the cement grains which happens in the first few 
minutes. A dormant period follows the dissolution period. This dormant period could vary 
between a few minutes to a few hours depending on the type of cement. After the dormant 
period, an acceleration of the reaction is observed during the phase of gelation to form C-
S-H [59]. Deceleration period is followed by a steady state period where the reaction is 
diffusion controlled. Figure 2.8 shows the different phase in cement hydration. 
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Figure 2.8: Typical calorimetric signal of cement hydration [60] 
In alkali activated slag the reaction product is predominantly hydrate low Ca/Si ratio C-S-
H. The reaction kinetics is influenced by the type of activator, temperature, alkalinity of 
the activator (silica modulus in silicate based activators). In water glass activated slag a 
similar heat release response as seen for ordinary cement hydration is observed seen in 
Figure 2.9. 
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Figure 2.9: Calorimetric response of sodium silicate activated slag showing similar 
calorimetric response to that of OPC hydration [61] 
For sodium hydroxide activated slag the reaction takes place very quickly that the 
dissolution peaks are not captured as shown in Figure 2.10. The reaction accelerates as 
expected with increase in concentration of NaOH activator. 
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Figure 2.10: Calorimetric response of sodium hydroxide activated slag paste at different 
NaOH concentrations [62] 
These point out to the need for a set retarding admixture to influence the reaction kinetics 
and provide a reasonable working time for the concrete. 
2.10.2 Mechanical Properties 
Compressive and flexural strengths of alkali activated concretes vary widely depending on 
the source material composition used in synthesis of the concrete. Concrete beams and 
columns made with activated fly ash concretes have been tested for flexural and 
compressive strength and is reported to perform similar to or better than concretes produced 
with ordinary Portland cement. This might also be due to the better bonding of the reaction 
product with the aggregates. It has been proposed that the similar mechanical response 
could facilitate the use of similar structural design codes for alkali activated concretes as 
that currently exists for OPC concretes [57]. Further study is required to obtain the 
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influence of source material and activator composition on the mechanical behavior such as 
the stress-strain relationship of this new material. Limited study on compressive behavior 
alkali activated fly ash concrete shows a similar compressive behavior as that seen for 
ordinary Portland cement concrete [57]. 
The modulus of elasticity of alkali activated slag concrete was in good agreement with that 
predicted from the equation specified in ACI 318-2011. But it was found that the alkali 
activated slag concretes had lower tensile capacity than those predicted from models for 
ordinary concretes [30]. In the coming days, it is expected that more research will shed 
light into the mechanical performance of alkali activated concretes at a structural scale. 
Validation of the applicability of the use of existing standards, or the development of new 
structural design standards for alkali activated concretes will facilitate easier acceptance of 
this material for structural applications. 
2.10.3 Reaction products and Microstructure Characterization 
2.10.3.1 Fourier Transform Infra-Red (FTIR) Spectroscopy analysis 
Fourier Transform Infra-Red (FTIR) Spectroscopy is an easy and quick method for analysis 
of reaction products in alkali activated binder systems. In infrared spectroscopy, IR 
radiation is passed through a sample. Some of the infrared radiation is absorbed by the 
sample and some of it is passed through (transmitted). The resulting spectrum represents 
the molecular absorption and transmission, creating a molecular fingerprint of the sample. 
Like a fingerprint, no two unique molecular structures produce the same infrared spectrum. 
This makes infrared spectroscopy useful for identification (qualitative generally, but 
quantitative also possible) of reaction products in these systems. 
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Table 2.2 shows the common FTIR spectra peaks identified from literature for OPC and 
alkali activated pastes. 
Table 2.2: Attributing FTIR peak signals to typical bonds [63] 
Peak location (cm-1) Chemical bond characteristic of the signal 
3650 Hydrated Minerals (i.e. Ca(OH)2) 
3600-3100 S-O (Gypsum) 
3400 OH Stretching (H2O) 
2930, 2850 Calcite Harmonic 
1650 S-O (Gypsum) 
H-O-H Bending (H2O) 
1430 C-O Asymmetric Stretching 
1100 S-O (Gypsum) 
Si-O-Si and Al-O-Si Asymmetric Stretching 
1035-1030 aluminosilicate bonding' 
1010-1000 Calcium Silicates 
960-800 Si-O, Al-O Stretching 
872 C-O Bending 
480 Si-O-Si and O-Si-O Bending 
 
Figure 2.11 shows the FTIR spectra of pure sodium aluminosilicate gel produced using sol-
gel synthesis. This type of N-A-S-H gel (sodium alumino silicate gel) is similar to that 
produced from alkali activation of aluminosilicate materials that do not contain calcium.  
The prominent band between 1000 and 1020 cm-1 is attributed to asymmetric stretching 
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vibrations generated by Si-O-Si bonds. The band around 560 cm-1 is attributed to stretching 
vibrations of the tetrahedral aluminium and the band around 440 cm-1 is attributed to the 
bending vibration of Si-O-Si or Si-O-Al bonds  
 
Figure 2.11: FTIR spectra of alkali activated aluminosilicate [64] 
The band at 1020 cm-1 (bending mode of Si-O-Si) shifts to a higher frequency when the 
reaction product has a higher Si/Al ratio. Figure 2.12 (a) shows the FTIR spectra of C-S-H 
gel synthesised at different pH with a Ca/Si ratio similar to that formed during the hydration 
of portland cement. It is also seen that the main Si-O-Si band shifts to a lower wavelength 
with an increase in the pH of the activating solution or the pore solution. Practically the 
formation of C-S-H gel in cement hydration takes place at a high pH (greater than 11). For 
this condition, the main Si-O-Si band appears at a lower wavelength (of about 970 to 1000 
cm-1). The peaks also become sharper with an increase in the pH, which possibly could be 
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due to increased crystallisation of C-S-H [65]. Figure 2.12 (b) shows the influence of 
synthesis condition in the formation of N-A-S-H gel at different pH. In this case also, the 
Si-O-Si peak shits to a lower wavelength with increased pH. It is also clearly seen that the 
Si-O-Si peak for N-A-S-H appears at a higher wavelength compared to that of C-S-H, 
which helps in clearly differentiating the two systems, or while the need is to confirm the 
presence of both these reaction products in the system (as with a slag-metakaolin system). 
 
Figure 2.12: (a) FTIR spectra of N-A-S-H gel synthesised at different pH and (b) FTIR 
spectra of C-S-H gel synthesised at different pH [64] 
2.10.3.2 X-Ray Diffraction of alkali activated pastes 
X-Ray Diffraction pattern of alkali activated pastes are mostly amorphous. Previous 
research shows that the geopolymeric reaction product generally has a hump in the region 
of 2θ between 20o to 30o [66]. When fly ash is used as the starting material crystalline 
phases of quartz and mullite appears in the XRD pattern and will remain in the XRD pattern 
(a) (b) 
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of the geopolymeric reaction product. Most cases show no new crystalline phase after 
geopolymerization but certain cases where a high alkaline liquid to fly ash ratio is used 
shows formation of zeolite crystals [67]. The XRD pattern of the reaction product when 
slag is used as the starting material shows a calcite peak in most cases which is said to be 
due to carbonation occurring at early ages due to the high alkalinity [56] 
2.10.3.3 Morphology of alkali activated binder 
Past research shows that when fly ash is used as the starting material for alkali activated 
pastes a complete reaction does not occur and scanning electron micrographs shows 
unreacted spherical fly ash particles [18]. Also it is seen that the reaction gel is formed 
along the surface of the fly ash particles forming a reaction layer on the surface [64]. This 
formation of reaction product as a layer around the fly ash particles is explained as the 
mechanism of geopolymerization in and is depicted in Figure 2.13. The structure of reacted 
fly ash particle can be seen in the micrograph shown in Figure 2.14. 
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Figure 2.13: Mechanism of Gel formations in alkali activated paste made with fly ash as 
binder [68] 
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Figure 2.14: Microstructure of alkali activated fly ash [69] 
2.10.3.4 NMR analysis of alkali activated binders 
Nuclear Magnetic Resonance (NMR) is a spectroscopic technique which uses the 
resonance interaction between the electromagnetic waves and source nuclei placed in an 
external magnetic field. Solid-state NMR is a complementary technique to XRD, since both 
crystalline and amorphous material as well as powders can be investigated. While XRD 
(preferably on single crystals) provides information about the long range order (or disorder) 
and periodicities, NMR allows investigations on the short range ordering (local 
environment) and structure. NMR has been used in cement paste characterization for 
almost 50 years to determine the ratio of the crystal water to free water in a cement paste.  
The Si-O-Si peak has been observed to shift to a higher wavelength with an increase in 
hydration period [70]. Figure 2.15 shows the Q2 peak observed in Si NMR studies. There 
is a shift of the lines related to Si Q2 tetrahedra in the spectra which indicates the growth of 
phases composed of tetrahedra chains, mainly C–S–H gel. 
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Figure 2.15: Si NMR of alkali activated slag with increasing age from top to bottom [71] 
29Si MAS-NMR spectroscopy has confirmed that in Portland cement, C-S-H gel contains 
silicate groups organised in linear finite chains of ―dreierketten‖ structure, thus mainly the 
SiQ1 and SiQ2 tetrahedral species. In alkali-activated slag systems, C-S-H gel is formed by 
longer chains because of the predominance of chain mid-member units, SiQ2 and 
SiQ2(1Al). Geopolymeric materials are characterized by a highly polymerized 
aluminosilicate structure composed mainly of three-dimensional cross-linked units, 
SiQ4(2Al) and SiQ4(3Al) [72].  
29Si, 27Al NMR spectra of alkali-activated calcium rich slag and of pure aluminosilicate 
metakaolin is shown in Figure 2.16 and 2.17. The alkali activated metakaolin reacts to form 
an amorphous structure, showing only the Q4-Signals in the 29Si NMR spectrum while the 
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4-coordinated aluminum is observed in the 27Al NMR spectrum. The major signals 
correspond to SiQ4(4Al) structures. The slag reacts to form C–S–H phases (with 
incorporated aluminum), revealed as Q1 and Q2 structures in the 29Si NMR spectrum and 
4-coordinated Al in the 27Al NMR spectrum, as well as hydrotalcite which is observed as 
8-coordinated Al in the 27Al NMR spectrum [73]. These results from NMR confirms that 
the reaction product of alkali activated pure aluminosilicate is a N-A-S-H type gel whereas 
for calcium rich sources the reaction product is a form of C-S-H or C-A-S-H which is in 
line with the findings from the FTIR studies. 
 
Figure 2.16: 27Si NMR spectrum and interpretation of the alkali-activated a) slag and b) 
Metakaolin [74] 
  
(a) 
(b) 
54 
 
 
Figure 2.17: 27Al NMR spectrum and interpretation of the alkali-activated a) slag and b) 
Metakaolin [74] 
2.10.4 Durability Properties 
For practical use of a new building material, its durability is considered as one of the 
dictating parameters. Alkali activated concretes that require the use of high alkali content 
could be susceptible to durability issues such alkali-silica reactivity. However studies have 
shown that there is no alkali silica reactivity in alkali activated systems [69]. This is 
attributed to the affinity of the binding material compared to the aggregates towards the 
alkalis to form the reaction products. However a small magnitude of shrinkage was 
observed in few cases [37]. The resistance of alkali activated concretes to sulfates and 
chlorides have been reported to be better than that of ordinary concretes. Previous research 
also shows that alkali activated concretes are more resistant to sulfate attack when 
compared to ordinary concretes [9]. Chloride ion transport in concretes is considered one 
of the important factors determining the durability of concrete. Very limited studies have 
been conducted on the chloride ion transport of alkali activated concretes. The following 
section gives a brief review of chloride ion transport test methods. 
(a) (b) 
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2.10.4.1 Chloride ion transport test in concretes 
Chloride ingress in concrete can occur because of three dominant mechanisms: (i) 
diffusion, (ii) chloride ingress driven by pressure gradients, and (iii) absorption of 
chlorides.  
Chloride diffusion into concretes is governed by Fick‘s second law, which is given as: 
𝜕𝐶
𝜕𝑡
 =  𝐷𝑒𝑓𝑓
𝜕2𝐶
𝜕𝑋2
     2.6 
This equation depicts the change in concentration (C) with respect to time (t). The equation 
is solved with the boundary condition that, at zero time and at zero depth, the concentration 
of chlorides is equal to the surface concentration, and the infinite point the concentration 
is zero. The solution then is given as [75]: 
𝐶(𝑥,𝑡)
𝐶𝑜
= 1 − erf (
𝑥
√4𝐷𝑒𝑓𝑓 𝑡
)        2.7 
AASHTO T 259 suggests the use of a long-term test for measuring the penetration of 
chloride ions into concrete. This test is generally conducted on concrete samples after 28 
days of curing under saturated conditions.  
Rapid chloride permeability test is one of the simpler methods of characterizing chloride 
ion ingress into concrete. The test was originally developed by Whiting [1981]. The 
drawback of this method is that the results are highly dependent on the specimen 
conductivity [76]. The test has the following flaws:  
1. The current passed is related to all the ion in the pore solution and not just to chlorides  
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2. The measurement is made before steady-state migration is achieved  
3. Temperature of the sample increases due to the high voltage (60 V) applied, thereby 
increasing the charge passed.  
2.11 Summary 
This chapter reviewed previous studies conducted on alkali activated concretes. The 
background information was used to help in the design of experiments, interpretation, and 
analysis of the experimental data. Hence, the discussions in this thesis build on many of 
the research referenced in this chapter. 
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3 MATERIALS, MIXTURE PROPORTIONING AND TEST METHODS 
3.1 General 
This chapter describes the materials used in this study along with mixture proportions and 
the experimental procedures that have been used. 
3.2 Material Composition and Particle Size Distribution 
Class F fly ash conforming to ASTM C 618 and ground granulated blast furnace slag 
(GGBFS) Type 100 conforming to ASTM C 989 were used as the starting materials. The 
chemical compositions of fly ash and slag are given in Table 3.1. Both these binding 
materials are rich in silica and alumina, which are required for the formation of the strength 
imparting phases in alkali activated binder concretes. The silica-to-alumina (SiO2/Al2O3) 
ratios were found to be approximately 2.59, 1.81 and 4.59 for class F fly ash, class C fly 
ash and slag respectively. Apart from the high silica and alumina contents, slag and class 
C fly ash also have a high CaO content (37% and 23% respectively) while the CaO content 
in class F fly ash is very low (5.31 %). 
Table 3.1: Chemical composition and physical characteristics of the starting materials 
Phase (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O LOI S.G 
OPC 21 3.8 3.5 63.7 1.8 3 0.1 2 3.15 
Slag 41.8 9.1 0.4 37.1 12.6 3 - 0.4 2.90 
Class F Fly ash 59.3 22.9 4.6 5.31 - 0.4 1.4 0.6 2.34 
Class C Fly ash 35.5 19.6 5.9 23 4 2.8 - 0.8 2.54 
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X-ray diffraction (XRD) patterns of the starting materials are shown in Figure 3.1. The  
XRD pattern of fly ash shows a diffuse band corresponding to the glassy phase which peaks 
at a 2θ of about 23o. For slag, an asymmetric diffuse band of glass is observed between 2θ 
of 20o and 37 o, with the peak at 31o. The XRD patterns show that slag is more amorphous 
which suggests better reactivity as compared to fly ash which contains crystalline phases 
of silica and alumina. 
 
Figure 3.1: X-ray diffraction patterns of fly ash and slag powder (Q: Quartz, M: Mullite) 
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The particle size distributions (obtained using a laser particle size analyzer) are shown in 
Figure 3.2. Particle size analysis shows that slag is finer than fly ash with 95% finer than 
30 μm compared to 60% for fly ash. 
 
Figure 3.2: Particle size distribution of fly ash and slag 
 
Fly ash and slag particle morphologies obtained using scanning electron microscopy are 
shown in Figure 3.3(a) and (b) respectively. Fly ash has smooth spherical particles whereas 
slag is composed of angular particles of varying sizes. 
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Figure 3.3: Scanning electron micrograph of (a) Fly ash (b) Slag 
Analytic reagent-grade Sodium hydroxide (NaOH) crystals were used to prepare the 
alkaline activating solutions of varying molar concentrations. Sodium silicate powder 
having a SiO2-to-Na2O ratio (or the modulus, Ms) of 1.95, and analytic reagent-grade 
Sodium hydroxide (NaOH) powder were used as the activating agents for solid sodium 
silicate activated slag mixtures. Liquid sodium silicate or waterglass having a SiO 2-to-
Na2O ratio (or the modulus, Ms) of 3.26 was used for water glass activated slag mixtures. 
3.3 Mixing Procedure for Sodium Hydroxide Activated Binders 
Prior to the preparation of the concrete mixture, NaOH solutions of the desired 
concentrations were prepared and allowed to stay at room temperature for one hour. The 
mixing procedure involved initial mixing of the source material (fly ash or slag), and sand 
for two minutes for mortar mixes. NaOH solution of the desired concentration was then 
added, and mixed for further two minutes for mortars with fly ash and one minute for 
mortars with slag to obtain a uniform mixture. The reason for using only one minute of 
mixing for the slag mixtures was the faster rate of setting of NaOH activated slag. For the 
(a) (b) 
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paste specimens to be used for microstructural analysis, samples were prepared by mixing 
the activating solution and the binder in a blender for two minutes. The mixtures were then 
filled in cubical molds of 50 mm size and vibrated by placing on a table vibrator until 
proper compaction was achieved. Slag mixtures were vibrated for two minutes as opposed 
to fly ash mixtures which needed only one minute of vibration to achieve adequate 
compaction. Both the paste and concrete specimens were removed from the molds after 24 
hours and subjected to heat curing in laboratory oven at either 60oC or 75oC for 48 hours 
or 72 hours. 
3.4 Mixing Procedure and Design Variables for Sodium Silicate Activated Binders 
The parameters relating to the activator that were chosen to be studied are the Na2O-to-
binder ratio also known as activator concentration (n) and the SiO2-to-Na2O ratio (Ms). The 
ratio n provides the total amount of Na2O in the mixture whereas the ratio Ms dictates the 
proportion of NaOH and sodium silicate powders in the activator. The sodium silicate 
solution used has a SiO2-to- Na2O mass ratio of 3.3 and the addition of sodium hydroxide 
powder reduces this ratio (since it increases the Na2O content). The n-values used in this 
study were 0.05 to 0.09 and Ms (mass-based) values ranged from 0.97 to 1.94 (molar-based 
Ms ranged from 1.0 to 2.0; molar and mass SiO2-to-Na2O ratios of sodium silicates are very 
close since the ratio of molecular masses of SiO2 and Na2O is 0.97). For example, if a 
mixture containing 1000g of binders was to be prepared with an n value of 0.05 and an Ms 
of 1.5, 50 g of Na2O and 72.58 g of SiO2 will be required. If sodium silicate with 36.3% 
solid’s content is used as the source of silica in the activator solution, 72.58 g of SiO 2 can 
be acquired using 262 g of waterglass, which contains 95.12 g of dissolved sodium silicate 
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powder with a mass-based Ms ratio of 3.22. The sodium silicate also provides 22.5 g of 
Na2O, and the remaining 27.4 g will be obtained with the addition of NaOH. Error! 
Reference source not found. shows the mixture proportions used for 1000 g of binders 
with the activation parameters n of 0.05 with different Ms ratios (1.0, 1.5, 2.0 and 2.5). A 
water-to-powder ratio (w/p) of 0.4 was used, where the water consisted of the water added, 
the water proportion of silicate and water generated in the dissociation of the alkali-
hydroxide. The powders consisted of the binders, the solid fraction of silicate solution and 
the Na2O from NaOH. A similar mix design was obtained for potassium silicate and 
potassium hydroxide specimens. 
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3.5 Early Age Test Methods 
3.5.1 Vicat’s Setting Time Tests 
Vicat’s setting time test includes multiple time dependent penetration measurements by a 
needle dropped over from the brim of the paste to the base with a constant load. The tip of 
a cross sectional area of 1 mm2 is used for the penetration of the paste. An initial setting 
time is noted when the needle seizes to drop beyond a penetration depth of 25 mm The 
final setting time of the paste is observed when there is 0 mm penetration and there is no 
impregnation of the needle on the surface of the hardened paste. The following 
measurements were determined using the method prescribed in ASTM C191 (Vicat needle 
method). The schematic of the instrument is shown in Figure 3.4. 
 
Figure 3.4: Vicat’s Needle Apparatus 
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3.5.2 Rheology of Fresh Paste Stress Development 
The rheometer used in this study is a TA Instruments AR2000EX dynamic shear 
rheometer. The rheometer consists of a base which has a cup apparatus at the bottom and 
the configuration used was Peltier steel vane geometry as shown in Figure 3.5. The cup is 
temperature controlled and for our experiments it was set to 25ºC using a chiller apparatus. 
The geometry used in this experimentation was the Peltier steel vane geometry with 4 
vanes. The vane geometry consists of a 28.04 mm diameter and 42.01 mm length. The cup 
has a diameter of 30mm and a material volume capacity of 100 ml. Vane geometry is used 
to avoid slip between the sample and the sides of the cup.  
 
Figure 3.5: (a)TA Instruments AR2000EX used in this study, along with the (b) Peltier 
steel vane geometry configuration 
(a) 
(b) 
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The alkali activated pastes to be tested had their respective activators freshly prepared and 
were allowed to cool down below 30oC. The samples were mixed in a round bottom plastic 
bowl with a consistent amount of material. The mixing procedure adopted was practiced 
consistently for all the mixes. The mixing procedure adopted included a 15 second mixing 
of paste at lower speed to homogeneously mix the activator and the binder, followed by a 
15 second of medium speed to get a near-homogenous paste and a final 30-seconds of high 
speed to attain complete homogeneity. A wide aperture syringe is used to extract the paste 
of 60 ml volume and is carefully loaded in the cup assembly of the Peltier steel vane 
geometry apparatus.  
During the test, the paste undergoes a pre-shear to homogenize the material in the cup 
arrangement eliminating the voids. The stress data was collected for the testing of the paste 
at a constrain strain rate of 0.001 to 0.01/s strain rate. The stress limit of testing was set at 
3000 Pa or 120 mins, whichever occurs first. 
3.5.3 Isothermal Calorimetry 
Isothermal calorimetry has been shown to be a useful technique to study the hydration of 
cementitious systems by several different authors [77], particularly during the first 72 hours 
of hydration. Typically, isothermal calorimetry is used to investigate the major thermal 
peak that occurs during the acceleration phase of the hydration process. The init ia l 
reactions are typically not included in the analysis because the mixing is done external to 
the calorimeter unit, though some studies have examined the potential for in-vessel mixing. 
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This form of calorimetry is useful for examining the influence of admixtures and partial 
cement replacement materials on the hydration process. Isothermal calorimetry is so known 
because the samples are tested at a constant temperature. The heat flux between the sample 
and a reference ampoule is measured, in order to determine the heat produced. This method 
has the advantage of being able to test a material at a specific temperature, therefore 
removing one of the testing variables. This form of calorimetry is also of interest because 
it directly measures the hydration heat and rate of hydration, rather than relying on a 
calculation based on heat transfer principles, as is the case with other calorimetric methods  
such as conduction calorimetry or a semi-adiabatic temperature measurement. The 
experiments in this study were carried out in accordance with ASTM C 1679 using a 
Calmetrix ICal 8000 isothermal calorimeter. Alkali activated pastes were prepared in a 
commercial laboratory mixer with activator and binder mixed at 360 rpm for about 2 
minutes. The pastes were filled in plastic cups with about 100 g of paste, sealed with a lid 
and placed into the calorimeter. The tests were run for 48 hours at the fixed temperature 
(generally, 25oC).  
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Figure 3.6: Calmetrix ICal 8000 Isothermal Calorimeter 
3.5.4 Restrained Shrinkage Test for Pastes 
Apparatus of the developed low-pressure drying test method is shown in Figure 3.8. A 
prismatic sample is filled with fresh paste such that its face is exposed and all other sides 
are sealed. The mold consists of interlocking pieces made of polycarbonate as shown in 
Figure 3.7 and uses anchor hooks to connect the fresh paste with the mold, providing 
shrinkage restraint in two directions. The sample is placed on a load cell which serves as a 
digital scale, and the entire assembly is placed inside a glass desiccator. The weight of the 
sample is continuously monitored throughout the drying cycle. Using a vacuum pump and 
a pressure regulator the air pressure inside the desiccator is lowered to absolute 33.8 kPa 
(10 in Hg) and maintained at this pressure throughout the test. This level of air pressure 
was selected as a system level parameter after extensive pressure calibration procedures. If 
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the pressure is too low, evaporation occurs at normal rates, and if it is too high, 
microstructural damage due to cavitation occurs. A condensing system including a drying 
apparatus is used similar to Copeland and Hayes [78] to remove the water vapor from the 
desiccator. Similar preliminary results from comparison of the weight of the condensed 
water in the flask with the total moisture loss at the end of the test show the efficiency of 
the condensing system. The weight loss measured was recorded using a computer interface 
unit. The specimen surface was photographed at 15 min intervals using a digital camera 
mounted 10 cm above the sample.  
The mixing and placing procedure adopted had to be altered from the conventional method 
that had been previously used [79] as the alkali activated binders have a reduced setting 
time and could crack immediately after placement in vacuum. The paste was mixed and 
poured in the mold on a vibrating table to avoid any air voids that may be produced while 
pouring the paste due to its high viscosity. The paste was set to rest for 10 minutes to allow 
for the exposed layer to gain stiffness by loss of bleed water. The uniform coat with white 
paint was sprayed on the top surface and speckles were sprayed with black paint uniformly 
for image analysis. The paint was allowed to dry for another minute and a series of holes 
with a diagonal spacing of 7 mm were pricked in the paint membrane in order to facilitate  
evaporation of water and prevent the membrane from rupturing. As the rupturing of 
membrane would damage the acquisition of the strain characterization measurements Then 
the weight of the sample was measured and it was placed in the desiccator. 
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Figure 3.7: Top view of the mold (values in millimeters) 
 
Figure 3.8: Schematic of vacuum drying test setup 
  
70 
 
3.6 Hardened Mortar/Paste Properties 
3.6.1 Compressive Strength 
The compressive strengths of the specimens were determined in accordance with ASTM C 
109. Mortar cubes of 2 x 2 x 2 inches in length were prepared in replicates of three. The 
samples were placed outside the moist curing room before testing and allowed to dry 
superficially. In case of heat cured specimens, the samples were allowed to cool down 
before testing. An ELE loading frame was used for testing with a constant loading rate of 
200 lbs/second with a digital interface as shown in Figure 3.9. 
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Figure 3.9: ELE loading frame for compressive strength tests 
3.6.2 Fracture Characteristics 
Three-point-bending tests were performed on notched beams as shown in Figure 3.6. The 
depth of the notch was one-fourth of the beam depth, i.e., 19 mm. Four replicate beams 
(305 mm (span) × 76 mm (depth) ×25 mm (width)) were tested for each mixture. The test 
was performed using a closed-loop testing machine with the crack-mouth opening 
displacement (CMOD), measured using a clip gauge, acting as the feedback signal. The 
beams were monotonically loaded up to 111N before shifting to CMOD-controlled mode. 
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The CMOD-controlled mode was terminated at a CMOD value of 0.038 mm and the 
unloading stage was initiated by switching to load-controlled mode. The unloading was 
done with a constant unloading rate of 556 N/min up to a load of 89 N beyond which the 
CMOD-controlled mode was reintroduced. The second CMOD-controlled mode was 
continued till the CMOD value reached 0.20 mm. The mid-point deflections were also 
measured using a LVDT, as shown in Figure 3.10 
 
Figure 3.10: Experimental setup for three point bending test on notched beam under 
CMOD-controlled mode 
3.6.3 Porosity and Pore Size Determination 
Mercury intrusion porosimetry (MIP) has become one of the most widely used methods 
for investigating the pore structure in cement-based materials. Small samples (less than 1 
cm3 in volume) are used for the MIP tests. Samples are first dried in order to remove the 
free water from the pores. The dried samples are weighed and placed into the sample 
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holder and carefully placed into the low pressure chamber. The chamber is evacuated to 
remove air from the samples. The sample cell is filled with mercury by applying 
continuously increasing pressures from ambient to 60 psi. The sample cell is then 
removed and placed into the high pressure chamber after which the applied pressure is 
increased up to 60,000 psi, while the mercury is forced to intrude into the samples 
gradually. The mercury intrusion volumes and the corresponding applied pressures are 
recorded at every pressure step. The mercury intrusion volume and the corresponding 
applied pressure provide the basic data for the analysis of the porosity and the pore sizes.  
 
Figure 3.11: Mercury intrusion porosimeter 
3.6.4 Length Change Measurements of Prismatic Beams 
Analysis of shrinkage and expansion of binder can be performed by preparing prismatic 
beams. The beams have embedded steel stubs at their ends for insertion in the grooves. 
These beams were kept in different curing conditions based on the type of testing involved. 
The beams on the day of testing were removed from the curing condition and is cleaned 
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and allowed to dry before testing. An extensometer apparatus with an adjustable head was 
used. A steel calibration rod was used to calibrate the instrument before every 
measurement. The beam was placed in the grooves at the top and bottom of the 
extensometer. The sample was then rotated and three readings were obtained to compute 
the average. The schematic of the apparatus is shown in Figure 3.12.  
 
Figure 3.12: The diagram of (a) front view and (b) side view of sample and (c) calibration 
rod in the extensometer 
3.7 Durability Tests 
3.7.1 Chloride Ion Diffusion Test 
Alkali activated samples have indicated the capacity to bind chloride ions from the 
solution. Hence a small sample of a disc was prepared with dimensions of 0.5 inch height 
and 1 inch diameter. The samples were introduced in deionized water, 10% chloride 
(a) (b) (c) 
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solution and 20% chloride solution and were rested for 56 days. At the end of 56 days the 
samples were dried and powdered for further testing 
3.7.2 Non Steady State Migration Test 
Non-steady state migration (NSSM) test was carried out on 50 mm thick concrete disc s 
after the respective curing durations, in accordance with NT Build 492. Figure 3.13 shows 
the schematic of the NSSM test set up. The specimens were preconditioned by vacuum 
saturating with Calcium hydroxide solution. The catholyte and anolyte solutions used were 
2 N NaCl and 0.3 N NaOH respectively. An initial voltage of 30 V was applied, and the 
initial current recorded. The applied voltage and test duration were chosen based on the 
initial current. For all the specimens tested in this study, the applied voltage was between 
30 V or 40 V. Some of the activated concretes with higher Ms values necessitated a higher 
voltage because of the lower initial currents. The test duration was maintained at 24 hours 
for all the cases. After the test duration, the specimens were axially split and sprayed with 
a 0.1 M silver nitrate solution, and the depth of chloride penetration was measured based 
on the precipitation of white silver chloride. 
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Figure 3.13: Schematic of the non-steady state migration test set up  
Figure 3.14 shows the split specimen after spraying it with silver nitrate. The non-steady 
state migration coefficient (Dnssm) in m2 /s is given as: 
3.1 
3.2 
Where E = (U-2)/L, U is the absolute voltage (V), L is the specimen thickness in m, z is 
the valence of the chloride ion, F is the Faraday constant, R is the molar gas constant, T is 
the average value of initial and final temperatures in K, xd is the average value of the 
penetration depth in m, t is the test duration in seconds, cd is the chloride concentration at 
which silver nitrate changes to silver chloride (0.07 N), and c0 is the chloride concentration 
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of the catholyte solution (2 N). It needs to be noted that the value of cd chosen is based on 
ordinary Portland cement concretes. However, the calculations for the migrat ion 
coefficients were repeated with cd values of 0.05 and 0.1, but this resulted in insignificant 
changes to the Dnssm value. Hence a cd value of 0.07 itself is used in this study. 
 
Figure 3.14: Silver nitrate sprayed on alkali activated slag split mortar sample after 
NSSM test 
3.7.3 Sulfate Attack Test 
The propensity of the binder to expand under conditions of external/internal sulfate attack 
was evaluated by immersing prisms 25 mm x 25 mm x 325 mm in 5% sodium sulfate 
solutions and de-ionized (DI) water after 28 days of curing in moist chamber. The pH of 
the 5% sodium sulfate solution was maintained between 6.5 to 7.5 in accordance with 
ASTM C 1012. The solution was renewed periodically to prevent changes in concentration 
and pH. Three prisms were tested for each mixture twice every week and the average values 
reported. 
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3.8 Test Methods for Reaction Product and Microstructural Characterization 
3.8.1 Fourier Transform Infrared (FTIR) Spectroscopy  
Fourier Transform Infrared (FTIR) Spectroscopy was performed to obtain the spectra using 
a Mattson Genesis spectroscope augmented by an attenuated total reflection (ATR) 
attachment. Spectra are obtained from the absorption or transmittance of a wave which is 
transmitted through an internal reflection element (IRE) of high refractive index and 
penetrates a short distance into the sample, in contact with the IRE. The IRE used is a 
diamond, selected because of its resistance to high pH and abrasion from sample removal 
and cleaning. A picture of the ATR attachment along with a schematic diagram of the beam 
path through the apparatus is shown in Figure 3.15. The resolution used was 1 cm-1. A 51 
point Savitsky Golay-Quintic smoothing window was used to smooth the 
absorbance/transmittance vs. wavenumber data [17,18]. 
 
Figure 3.15: a) ATR attachment with diamond crystal, (b). Schematic diagram showing 
the beam path through the ATR (1) torque head screw with limiter screw; (2) ATR 
crystal, (3) clamp bridge, (4) lens barrel, (5) mirrors (Tuchbreiter, et al., 2001) 
The individual components of the spectra were separated by a process of Fourier self-
deconvolution as explained below:  
(a) 
(b) 
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Given that the FTIR spectrum is comprised of overlapping bands of various silica species, 
it is possible to deconvolute the signature of part or all of the intrinsic species from the 
composite spectrum using line shape functions. Simplistically, the spectrum obtained from 
the experiment can be expressed as a convolution of actual spectrum and a line shape 
function as shown in Equation 3.1. The line shape function determines the shape of the 
curves for the spectral data.  
            𝐸(ῡ) = 𝑆(ῡ) ∗ 𝐸′(ῡ) =  ∫ 𝑆(ῡ′)𝐸′(ῡ − ῡ′)𝑑ῡ′
∞
−∞
                           3.1 
Here, 𝐸(ῡ) is the obtained spectrum in wavenumber domain, 𝐸′(ῡ) is the actual 
spectrum; 𝑆(ῡ)  represents the line shape function, and the symbol * indicates the 
convolution operation. ῡ is the wavenumber. A variety of line shape functions such as 
Gaussian, Lorentzian and Voigt function are used; however for powder samples, it has been 
noted that a Gaussian line shape function is more appropriate [70,80]. The probability 
density function (PDF) for the Gaussian shape function is given as: 
𝐺(𝑥) =  
1
𝜎√2𝜋
× 𝑒−
(𝑥−𝜇)2
2 𝜎2                                                             3.2 
Here x is the position, 𝜇  is the mean, and 𝜎 is the variance.   
Since the obtained spectrum is a convolution of a line shape function and the actual 
spectrum (Equation 3.1), in order to deconvolute the line shape function from the actual 
spectrum, an inverse Fourier transform is implemented on Equation 1. It needs to be noted 
here that a convolution operation in frequency domain reduces to a multiplication operation 
in the time domain, as shown in Equation 3.3.  
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   ℱ−1{𝐸(ῡ)} = ℱ−1{𝑆(ῡ)} ∙  ℱ−1 {𝐸′(ῡ)}             3.3 
The time-domain data obtained from the inverse Fourier transform of 𝐸(ῡ) is periodic-
infinite. Standard window functions can be used to truncate this data to a specific range. A 
triangular truncation function is used here, as is commonly used [81]. All the above steps 
were carried out using a custom computer program developed in MatlabTM.  More details 
can be found in [82] 
Along with the deconvolution technique described above to help identify and separate the 
contributions from the different types of bonds in an observed spectrum, a curve-fit t ing 
algorithm needs to be implemented to isolate the bands in the spectrum. A Levenberg-
Marquardt algorithm is used for curve-fitting in this study. The half-widths at half-maxima 
(HWHM) were obtained along with the band values (wavenumber) from this process. The 
R2 values of the curve fits ranged from 0.96 to 0.99. 
  
81 
 
3.8.2 Thermo-gravimetric Analysis (TGA) 
The alkali activated slag pastes were subjected to thermo-gravimetric analysis to determine the 
chemical components in the reaction products. The powdered samples were heated from 50oC 
to 1000oC at the rate of 15oC per minute in a Perkin-Elmer STA (Figure 3.16) thermo-
gravimetric analyzer and the change in mass measured. The mass loss at different temperatures 
is used to quantify the amounts of reaction products 
 
Figure 3.16: Thermo-gravimetric analyzer 
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3.8.3 X-Ray Diffration (XRD) 
X-Ray Diffraction was carried out using a Siemens D-5000 diffractometer in a - 
configuration using Cu-K radiation (=1.54 Å). The samples were scanned on a rotating 
stage between 10o and 60o (2) in a continuous mode with a step scan of 0.02o and step rate 
of 0.5 /second. High-Score Xpert Analysis software was used for phase identification. 
 
Figure 3.17: (a) Siemens D-5000 Diffractometer and (b) schematic diagram showing the 
various components and its working structure 
  
(a) (b) 
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3.8.4 Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 
3.8.4.1 29Si, 27Al and 23Na MAS NMR 
Magic Angle Spinning (MAS) NMR spectroscopy (Varian Solids NMR spectrometer) was 
carried out on selected Na silicate activated slag and fly ash paste samples. The tests were 
carried out on specimens proportioned using a n of 0.05 and activator Ms of 1.0 to 2.0, 
either cured in ambient conditions for 3, 7 and 28 days or subjected to heat curing for 24 
hours at 100oC, 48 hours at 80oC and 72 hours at 60oC. The resonance frequency used for 
29Si, 27Al, 23Na NMR was 59.7 MHz, 130.3 MHz and 79.4 MHz respectively with a 
spinning rate of 8 kHz. The spectra were obtained after irradiating the samples with a /2 
pulse. The interval between accumulations was 5s, and all the measurements were carried 
out at room temperature. The estimated errors in chemical shifts were lower than 0.5 ppm.  
 
Figure 3.18: (a) schematic and the (b) image of the 7T magnet 
(a) 
(b) 
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3.8.4.2 Processing of data to NMR Spectra 
The data acquisition is done on Spinsight software. The software runs on a Linux based 
system and the data extracted in the form of a free induction decay (FID) file format. This 
data is then opened used another NMR processing tool called as G-sim. This software has 
multiple tools for data manipulation and processing. A mathematical operation of fast 
fourier transform or FFT is applied on the FID data. A phase correction of 1st and 2nd phase 
is applied and adjusted such that the peak of the spectra is centered and symmetric in nature. 
In case of a data with a significantly low signal-t-noise ratio, direct and an indirect 
smoothing function of 1 is applied. This spectrum is then further processed for analysis 
using deconvolution. The process of the data processing in shown in Figure 3.19  
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Figure 3.19: Processing of the FID data using G-Sim software 
  
1. Raw FID 
Data
2. Fast Fourier 
Transform
3. Phasing
4. Smoothing
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3.8.4.3 Deconvolution and Curve Fitting of Raw NMR Spectra 
A Gaussian line shape function was used to deconvolute the NMR data. It primarily 
involves the peak identification from previous literature. Once the peaks are picked, an 
optimization deconvolution process is run in order to perform curve fitting. The area under 
each peak is quantified and presented in fraction which generally coincides with a species. 
The deconvolution process is only performed on 29Si and 27Al NMR spectra. Figure 3.20 
shows the procedure followed to use G-sim for deconvolution process:  
 
Figure 3.20: Deconvolution process involving (a) peak picking and (b) post optimization 
curve fitting 
  
(a)Peak 
(a)Curve Fitting 
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3.8.5 Induction Coupled Plasma (ICP) Mass Spectroscopy 
The solutions for the test were prepared by immersing thin hardened paste discs of one-
inch diameter and half-an-inch depth in 300 ml of deionized water in polycarbonate 
containers. The free ions from the pore solution of the paste were allowed to leach into the 
deionized water. The instrument used for inductively coupled plasma optical emission 
spectrometry (ICP-OES) was a Thermo iCAP6300 The concentrations of aluminum, 
calcium, potassium, magnesium, sodium, silicon, iron and sulfur were obtained in mg/L. 
The detection limit of the instrument was 0.0001 mg/L. Some ionic concentrations were 
higher than the upper limit of detection and hence a dilution factor (DL) of 10 was used for 
analysis of sodium, silicon and sulfur. 
 
Figure 3.21: iCap6300 instrument used for ICP-OES analysis 
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4 ECONOMIC, ENVIRONMENTAL AND DURABILITY INDEX FOR 
ALKALI ACTIVATED SLAG AND FLY ASH 
4.1 General 
Use of supplementary cementitious materials in OPC concrete has proven to be 
advantageous to reduce the cost, overall environmental impact and enhance durability 
properties of the resultant binder. Feeble amounts of literature regarding the cost and 
energy use associated with alkali activated binders is published. Hence the following 
section includes the comparative analysis of OPC and alkali activated binder concretes on 
factors such as cost, energy used and life of structure. 
4.1 Significance of the study 
 For the past decade there has been a rise in the number of structures that are LEED 
certified. During its certification, a carbon cycle analysis is performed to quantify the 
impact a structure has had on the environment during its construction and continued use. 
Also, with certain countries pushing for carbon tax reforms which taxes the companies 
based on the amount of carbon-dioxide that is released into the atmosphere by their 
manufacturing. This is done to motivate companies to adopt renewable practices thereby 
reducing their carbon footprint effectively. Hence, there is a need to evaluate the energy 
used during the manufacturing and use of concrete and its components. Major contributor 
to the cost of alkali activated binders is the cost of activators such as sodium silicates and 
sodium hydroxides; since the raw materials are industrial byproducts and require minimal 
processing. In recent times, the cost of the binders has increased due to its high demand. 
Hence, it is not only important to understand the costs with the construction but also the 
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life cycle of the structure. The life cycle of a structure is directly function of the time it 
takes for the corrosion to initiate and propagate in the reinforcement in the binder. Most of 
the corrosion modelling measurements depend on the diffusion characteristics of chloride 
ion through the binder concrete This can be quantified by obtaining its diffusion coeffic ient 
from the NSSM tests. Hence, all the three factors mentioned above can be used in order to 
analyze and decide on the use of such binders with more fidelity. Life 365 software has 
been used in order to compute the life of the structure and the associated life cycle costs 
for some of the alkali activated binders. This report does not envelope auxiliary processes 
such as mixing or transportation in the overall comparison and assumes it to be the same 
for both the concretes. The following assumptions and their sources are stated below: 
1. Mix design for Slag concrete was obtained from the following report [83] 
2. Mix design for OPC of 40 MPa strength concrete was obtained from Table 2 of 
[84]  
3. The energy required for per ton of cement production was extracted from Table 1 
of the following report [85] 
4. The energy consumed by Sodium silicate and NaOH production was given in 
Figure 7 of [86] as fuel and electricity usage separately 
5. Production of slag only consumed energy for grinding which utilized 30-50% more 
energy than the clinker grinding hence the factor of 1.4 was multiplied with the 
value associated with clinker grinding [87] 
6. The compressive strengths for alkali activated slag mixes was obtained from [83] 
Figure 5.11 and Figure 6.5. 
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4.2 Economic Analysis of OPC, alkali activated slag and fly ash concretes 
4.2.1 Cost of OPC concrete 
Table 4.1: Table summarizing the component costs and cost of concrete per ton 
OPC Concrete Quantity  Cost per unit Cost per ton of concrete 
  (kg) ($/kg) ($) 
Cement 129.1 0.10 12.9 
Water 74.8 - 0.0 
Fine Aggregate 488.8 0.06710 32.8 
Coarse Aggregate 307.4 0.01760 5.41 
Total  1000.1   51.12 
For a conventional OPC concrete the mix design was obtained from literature [84]. The 
cost for which was summed up to 51.12$ per ton of concrete. This is in accordance with a 
variety of literature where the cost varies around 45 to 60$/ton of concrete. It may vary 
with location of the market and raw materials. To keep the analysis straight forward, no 
admixtures or additives were assumed for the quantifications. However, there may be 
additives and SCMs as a part of the mix design in practice. 
4.2.2 Cost of components of alkali activated binders 
Table 4.2: Cost of activators and aluminosilicate binders 
Materials Cost per unit 
  ($/kg) 
Fly Ash 0.0015 
Slag  0.00700 
NaOH  0.12500 
Na-Silicate 0.55100 
Water  0 
92 
 
From Table 4.2 it can be noted that the alkali silicates and hydroxides required the most 
cost intensive manufacturing among all the components. The manufacturing process 
involves dissolving the sodium silicate powder in water, the solution has to be heated up 
to 600oC at a high pressure to yield a homogeneous and viscous sodium silicate solution. 
The cost of the binders is negligible and can be attributed to the pre-processing steps such 
as sieving, grinding or pulverizing. There are ASTM standards which prescribe specific 
tolerances in composition of silica, alumina, calcium, alkalis etc. Since binders are 
industrial byproducts, they need to be added with the materials that it is deficient in. The 
cost of fly ash is 10 to 75$ per ton based on the proximity to the thermal power plants. Slag 
is a byproduct of the steel manufacturing and forms lumps of 3-6 inches which needs to be 
broken down and pulverized. These binders need to be ground fine in order to increase the 
reactivity which in turn provides enhanced cementitious properties. 
4.2.3 Comparison of cost 
Table 4.3: Mix design of alkali activated slag and fly ash concrete varying Ms 
Quantity  Slag Fly Ash 
(kg) Ms 1.0 Ms 1.5 Ms 2.0 Ms 1.0 Ms 1.5 Ms 2.0 
Binder 163.8 167.5 169.0 163.8 167.5 169.0 
NaOH  7.4 5.9 4.4 7.4 5.9 4.4 
Na-Silicate 28.5 43.8 59.1 28.5 43.8 59.1 
Water  51.8 45.8 39.2 51.8 45.8 39.2 
Fine Aggregate 449.2 442.2 438.2 449.2 442.2 438.2 
Coarse Aggregate 299.4 294.8 290.1 299.4 294.8 290.1 
Table 4:3 indicates the mix design of alkali activated slag and fly ash binders with Ms 
ranging from 1.0 to 2.0 in increment of 0.5. The activator concentration or the n value was 
fixed at 0.05. The paste to aggregate ratio was fixed at 3/7 by volume. The water to powder 
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ratio was fixed at 0.4. It can be noted that with an increase in Ms, there is an increasing 
amount of silicates and binder, while the quantity of all other components decrease.  
 
 
 
Table 4.4: Cost of concrete in $/ft3 
Cost ($/ft3) Slag Fly Ash Fly Ash(Heat Cured) OPC 
Ms 1.0 3.58 3.48 3.62 
3.43 Ms 1.5 4.09 3.98 4.12 
Ms 2.0 4.61 4.49 4.63 
The values in Table 4.4 have been computed by utilizing the values from Table 4.2 and 
4.3. The cost of alkali activated slag and fly ash binders indicate a higher cost per ft3 in 
comparison to OPC concrete. The cost of alkali activated slag and fly ash concrete is 4.18% 
and 1.43% higher than the conventional OPC concrete respectively. The increase in cost 
of the concrete is observed with an increase in Ms due to the increasing silicate content. 
The fly ash binder is cheaper by itself, but fly ash samples have to be heat cured in order 
to develop strength [88]. Alkali activated fly ashes are conventionally exposed to a 
temperature of 60oC for 72 hours [89]. Hence the amount of energy required to heat a ft3  
of fly ash concrete was computed by the power used by the oven for 72 hours multip l ied 
by the electricity rate in Phoenix, Arizona which comes to 14 cents. 
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4.3 Energy use associated with concretes 
4.3.1 Energy use of manufacturing of OPC concrete 
Table 4.5: Energy consumed in various phases in OPC concrete production [85] 
OPC Concrete (1 ton Concrete) GJ 
Quarrying     
Cement  0.70% 0.0038 
Concrete 2.60% 0.0141 
Cement 
Manufacturing 
    
Raw Grinding 1.50% 0.0082 
Pyro-processing 74.00% 0.4022 
Finish Grinding 4.30% 0.0234 
Cement Production     
Mixing  5.70% 0.0310 
Transportation 11.20% 0.0609 
Table 4.5 summarizes the energy required during different stages of raw material 
production for the manufacturing of OPC concrete [85]. The most energy intensive process 
is pyro-processing which involves the heating of the raw materials in the kiln and is heated 
up to 1500oC. The energy associated with the grinding process is used to compute the cost 
of grinding slag as explained earlier 
Table 4.6: Energy associated with various components and per ton of concrete 
OPC Concrete Quantity  Energy per unit  Energy per ton of concrete 
  (kg) (GJ/kg) (GJ) 
Cement 129.1 0.00389 0.4376 
Water 74.8 0.00000 0.0000 
Fine Aggregate 488.8 0.00002 0.0087 
Coarse Aggregate 307.4 0.00002 0.0055 
Total  1000.1   0.4517 
The energy per unit can be computed and the energy utilized for 1 ton of concrete can be 
quantified and is 0.45 Giga-Joules per ton of concrete.  
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4.3.2 Energy use for the manufacture of alkali activators 
Table 4.7: Energy associated with alkali activators and aluminosilicate binders 
Materials Energy per unit  
  (GJ/kg) 
Fly Ash 0 
Slag  0.00034 
NaOH  0.01230 
Na-Silicate 0.00540 
Water  0.00000 
As seen earlier, the cost of alkali silicates and hydroxides was the highest and that is also 
reflected in the energy per unit consumed to produce 1 kilogram of the respective materials.  
4.3.3 Comparative Analysis of energy use of OPC, activated slag and fly ash energy 
Table 4.8: Energy utilized in the manufacture of the binders in MJ/ft3 
Energy (MJ/ft3) Slag Fly Ash Fly Ash (Heat Cured) OPC 
Ms 1.0 21.12 17.13 17.63 
30.31 Ms 1.5 25.49 21.37 21.87 
Ms 2.0 29.74 26.53 30.03 
The values in Table 4.8 can be computed from the values obtained in Figure 4.3 and 4.7. 
The energy associated with OPC concrete production is the highest among all the binders 
at 30.31 Mega-Joules/ft3. The energy associated increases with an increase in Ms. Also due 
to the heat curing involved with fly ash alkali activation, the energy used for these binders 
surpasses the energy used for alkali activated slags.   
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4.4 Durability  
In order to quantify the costs associated with the durability properties, Life-365TM software 
was used. The analysis was performed on a 1-D slab of 200 mm thickness with the black 
steel reinforcement at a depth of 60 mm with 10000 m2. The slab was assumed to be located 
in New York to test the maximum effect of chloride ponding of 0.8% wt. conc. The 
schematic of the cross section of the slab is shown in Figure 4.1. 
 
Figure 4.1: Schematic of the slab section of 10000m2 surface area 
4.4.1 Diffusion coefficients of concrete binders 
 
Figure 4.2: Diffusion coefficients obtained using NSSM tests [90] 
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The diffusion coefficients of the concrete samples are obtained by non-steady state 
migration tests. The diffusion coefficients of all the binders do not indicate an order of 
magnitude difference in their values. However, the diffusion coefficient of alkali activated 
slag concrete is lower in comparison to those of the OPC concrete. The diffusion coeffic ient 
of alkali activated slag concretes lie in the range of 7e-12 to 3e-12 m2/s. This is attributab le 
to the lower porosity of alkali activated slag binders attributing to a reduced diffus ion 
coefficient.  
4.4.2 Service Life of structures without repair 
 
Figure 4.3: Service life of the slab  
The chloride ion concentration on the reinforcement when reaches 0.05% wt. conc. Is 
assumed to initiate corrosion. Hence using the diffusion coefficients obtained in Figure 4.2 
and the Fick’s law of diffusion as discussed in chapter 2, can be used to compute the time 
taken for the chloride ion concentration to reach the critical value in order to init iate 
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corrosion. The time taken to propagate corrosion is 6 years and does not change since the 
reinforcement used in all the binder concretes is the same. The service life of alkali 
activated binders is higher in comparison to OPC and increases with Ms. The service life 
of OPC concrete was15.4 while those of alkali activated slag concrete lie in the range of 
17.8 to 28.7 years.  
4.4.3 Life Cycle Costs of the Structure 
 
Figure 4.4: Life cycle costs of the slab structure in $ per sq.m 
The cost of the concrete binder was already computed in the previous sections, and is used 
to quantify the life cycle costs of the slabs assuming regular repairs. Life-cycle cost is 
calculated as the sum of the initial construction costs and the discounted future repair costs 
over the life of the structure. The initial construction costs are calculated as the sum of 
concrete costs and steel (or other reinforcement) costs. Life-cycle costs are expressed in 
dollars per unit area of the structure (e.g. dollars per square meter). It can thus be noted that 
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despite having a higher cost of construction for alkali activated slag concrete with an Ms 
of 2.0, it provides enhanced durability properties which effectively reduce the life cycle 
costs of the structure. The life cycle costs of alkali activated slag concrete binders of Ms 
1.0 and 1.5 indicate a marginal decrease in life cycle cost in comparison to OPC concrete 
binder. 
4.5 Summary  
It can be concluded from this section that the alkali activated binder concretes activated 
with sodium silicates and hydroxides have higher associated costs of manufacturing in 
comparison to OPC concretes. However, the environmental impact of manufacturing is 
lower for alkali activated binder concretes. The primary cause for the cost as well as the 
energy utilized to be high for the alkali activated binders is due to the energy intens ive 
process involved in the manufacturing of alkali silicates and hydroxides.  
The reduced diffusion coefficient for the alkali activated slag concretes mask the effect of 
high cost since the alkali activated slag sample of Ms. 2.0 has yielded the lowest life cycle 
cost among all the binders including OPC.  
 
  
100 
 
5 SHRINKAGE BEHAVIOR OF ALKALI ACTIVATED SLAG PASTES 
5.1 Isothermal calorimetry of alkali activated slag binders 
5.1.1 Effect of Ms on heat release of alkali activated slag binders 
 
Figure 5.1: Heat flow response of alkali activated slag and OPC with different Ms from 
0.0 to 2.0 with a constant ‘n’ value of 0.05 
The heat flow response under isothermal conditions, of alkali activated slag and OPC paste 
samples are shown in Figure 5.1. A number of studies exist on the use of isothermal 
calorimetry to study the extent and rate of ordinary Portland cement hydration and the 
influence of the incorporation of cement replacement materials. The typical heat flow 
response of an OPC paste consists of the following stages: (i) initial dissolution phase, (ii) 
dormant phase, (iii) acceleration phase (iv) deceleration phase, and (v) steady state. The 
heat flow behavior is quantified in this study as power per unit mass of the slag binder. The 
heat flow response of slag activated with sodium silicates and hydroxides indicates a two 
peak behavior, similar to the behavior obtained from the heat flow response of OPC. The 
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initial large peak in the first few hours is a result of particle wetting and the dissolution of 
the slag particles in the highly alkaline activator [12,91]. When slag is activated at an Ms 
0.0, there are no added silicates present in the medium. In the absence of silicates, a one 
peak behavior is observed due to overlapping of the dissolution and the acceleration phases. 
Among the alkali silicate activated slag binders, the effect of increasing Ms has the 
following effects: (i) a higher intensity of the dissolution phase, (ii) a longer dormant period 
and (iii) a reduced acceleration peak intensity. The acceleration peak is lower with an 
increasing Ms (and a constant n) which is attributable to the formation of a Si rich layer on 
the surface of the slag particles (C-S-H gel) [12]. The paste with lower Ms has an increased 
amount of OH- ions which allows for the release of more Al+3 ions which then take part in 
the incorporation of the Si rich gel. Along with the effects of ionic concentrations, activator 
solution viscosity may also affect the reaction kinetics which is evident from the heat flow 
of alkali activated slag of Ms 2.0. The effect of added silicates may reduce the effect of 
ionic motion earlier, while creating the Si rich gel on the slag particles. It is also known 
from previous literature, that silica is a hydrophilic material and may retain water [92]. 
This behavior coupled with the reduced amount of OH- ions due to lowered addition of 
sodium hydroxide for the alkali activated slag with Ms of 2.0 may have caused the 
acceleration peak to lower. The implication of such an effect is discussed in detail to 
evaluate the rheological properties of alkali activated slag binders.     
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5.1.2 Effect of Ethylene Glycol (EG) and Shrinkage Reducing Admixture (SRA) on 
alkali activated slag binders 
 
Figure 5.2: Heat Flow responses of alkali activated slag varying in Ms with the addition 
of (a) ethylene glycol and (b) shrinkage reducing admixture 
Alkali activated slag pastes shrink more as compared to OPC pastes [4]. More conventiona l 
approaches such as shrinkage reducing admixtures have not proved as effective when 
introduced in a matrix with higher pH than OPC. Hence another additive that increases the  
viscosity of the matrix, and at the same time retains water without causing detrimenta l 
effects in alkali activated slag pastes in terms of hydration product formation, deleterious 
product formation or reduced mechanical behavior, needs to be used. Ethylene glycol has 
been used as an additive in alkali activated slags and has been proved to reduce fres h 
shrinkage of such pastes. Its physical behavior in the matrix mimics the behavior of 
silicates in terms of water retention. However adding more silicates to reduce the shrinkage 
behavior may not be viable beyond an Ms of 2.0 [93] since it may hamper the alkali 
activation reaction mechanism altogether. Ethylene glycol and a conventional shrinkage 
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reducing admixture have thus been used in this study to evaluate its effect on the reaction 
kinetics of slag.  
Figure 5.2 indicates the effect of admixtures such as ethylene glycol and shrinkage reducer 
on the heat flow response of alkali activated slag binders. Since these admixtures 
significantly influence the physical properties of the paste, it is important to evaluate their 
influence of slag reaction. This would aid in understanding if the hydration process is 
influenced. It is known from previous literature that there is a negligible effect on the 
strength when ethylene glycol concentration is less than 5% and SRA concentration is less 
than 1.5% [93]. From Figure 5.2(a) it can be noticed that the addition of ethylene glycol, 
reduces the intensity of the acceleration peak in the heat flow curve, However, with an 
increase in Ms there is a reduction in the intensity of acceleration peak. An overall delay in 
the onset of acceleration phase is also observed, attributed to the possible enhancement in 
the viscosity of the solution. This effect of ethylene glycol coupled with the addition of 
silicates, delays the onset of acceleration for the alkali activated slag binder with the Ms of 
1.0 and 1.5 far more than that of Ms of 2.0. This could be due to the saturation limit being 
reached for the paste of alkali activated slag sample with Ms of 2.0, due to the absence of 
ample OH- ions from sodium hydroxide and the excess of ethylene glycol and silicates. 
Hence there may not be a reduction in the peak as well as a sufficient delay in the onset of 
acceleration peak.  
Figure 5.2(b) indicates the influence of shrinkage reducing admixture, which relies on the 
retention of water in the capillary pores by reduction of the surface tension of the paste 
water. The reduction in surface tension does not hinder the ionic movement in the paste to 
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an extent as observed in the addition of ethylene glycol as an additive. The heat flow curves 
of alkali activated slag pastes with an increasing Ms and the presence of shrinkage reducing 
admixture indicate a low-to-no change in the intensity of the acceleration peaks, along with 
a decreasing delay in the onset of acceleration peak. This shows that the reaction kinetics 
of the alkali activated slag paste is not significantly affected due to the addition of shrinkage 
reducing admixture. However, it has a major contribution in altering the physical properties 
to reduce the shrinkage behavior of the paste and will be discussed in the upcoming 
sections. 
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5.2 Rheology of alkali activated slag binders 
5.2.1 Effect of Ms on the stress development of alkali activated slag  
 
Figure 5.3: Early age stress development of alkali activated slag pastes with varying Ms 
of 1.0 to 2.0 
This section reports the test procedure to evaluate the stiffening and hardening of the alkali 
activated slag binders. Alkali activated slag pastes were introduced in a rheometer using a 
vane shear arrangement at a constant strain rate of 0.01/s. A critical cutoff stress value of 
3 kPa was set in order to prevent the paste to set in the rheometer itself.  The stress 
development of the alkali activated slag pastes with varying Ms from 1.0 to 2.0 is indicated 
in Figure 5.3. Figure 5.3 shows that the alkali activated slag paste with a decreasing Ms 
demonstrates the following behavior: (i) delay in the onset of rapid material hardening and 
(ii) decrease in the rate of material stiffening (indicated by the slope of stress increase). 
This behavior can be attributed to the addition of OH- ions with a decreasing Ms which 
increases the dissolution in the alkali activated slag paste. This dissolution of ionic species 
during alkali activation increases the time for the precipitation of the Si rich gel on the slag 
particles. This mobility is reduced further in presences of excess silicates which tend to 
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retain the water molecules. This leads to an initial early stiffening at around 5 mins after 
mixing, but as the Ms reduces, the onset of the stiffening behavior delays by 5 mins and is 
seen to stiffen at a lower rate as opposed to the alkali activated slag sample with the Ms of 
2.0. The decrease in the stiffening rate can be attributed to the gradual decay in the ionic 
motion of the species, and not having significant silicates in the vicinity to interlock the 
microstructure by the formation of Si-rich gel on the slag particles. This behavior can also 
be explained from the isothermal calorimetry tests, which indicates the high initial peak 
attributable to the Si-rich gel precipitation on slag particles. NMR studies of concentrated 
alkali silicate solutions have indicated the presence of colloidal Si-O-H-Na complexes on 
the order of 0.6 nm in size, which form aggregates on the order of a few nm [94,95], the 
presence of which increases the solution viscosity [96]. The amount and/or size of these 
colloidal species and aggregates likely increases with Ms due to an increased Si (i.e., 
complex) content and the reduced abundance of OH- species to break Si-O-Si bonds [97], 
which in turn results in an increase in the solution viscosity [92,98]. Hence in the case of 
slag pastes the interlocking between slag particles increases further in presence of excess 
silicates, which then leads to quick paste hardening.   
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5.2.2 Rate dependency on Stress Development 
 
Figure 5.4:  Effect of activator concentration (n) with a constant Ms of 1.0 on the stress 
development of alkali activated slag binders varying between strain rates of (a) 0.01 /s 
and (b) 0.001 /s 
As seen earlier, the addition of alkalis in the form of sodium hydroxide consequently 
produces OH- ions which leads to increased dissolution of the alkali activated slag matrix, 
and is proven to delay the onset of quick stiffening behavior. Figure 5.4 indicates the 
influence of activator concentration and its rate dependency. The activator concentration 
or ‘n’ value of alkali activated slag binders was varied from 1% to 9% while maintaining 
a constant Ms of 1.0. From Figure 5.4(a) it can be noted that from ‘n’ value of 0.01 to 0.03, 
the stress development gradually increases beyond which the structural breakdown of the 
material occurs above a stress value of 1000 Pa. The quick stiffening behavior occurs 
beyond an ‘n’ value of 0.04. This transition indicates the point where the alkalinity is 
sufficient to cause enough dissolution for the formation of Si-rich gel on the slag particles.  
This allows for the interlocking of the slag particles to yield a quick stiffening behavior. 
However as the alkalinity increases with an increase in ‘n’ value, there is a subsequent 
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delay in the onset of the quick stiffening behavior. This can be attributed to the enhanced 
dissolution and ionic motion which may take longer to decay, but upon its decay may lead 
to a sudden precipitation of Si-rich gel yielding a similar stiffening behavior. Perhaps, the 
slope of all the stiffening behaviors is consistent with the difference only being in its onset 
due to a consistent Ms of 1.0. The effect of strain rate dependency is evident from Figure 
5.4(b) where the activator concentration of the alkali activated slag paste is varied from 1% 
to 9% with a constant Ms of 1.0. It can be noticed that even at a lower strain rate of 0.001/s, 
the stress development is higher, since there is insufficient agitation of the paste in order 
to maintain lower stresses. Also there is no clear structural breakdown in any of the alkali 
activated slag pastes with varying ‘n’ values, apart from a negligible noise beyond 1000 Pa 
for slag paste with an ‘n’ value of 0.02. As the alkali activated slag paste behavior 
transitions from gradual to quick stiffening behavior, the stress development curve 
obtained for alkali activated slag of ‘n’ value of 0.03 to 0.05 appear in the similar region 
of the stress development, due to the negligible movement of the paste because of the lower 
strain rate.  For alkali activated slag paste with an ‘n’ value of 0.06 to 0.09, the onset of 
rapid stress development is delayed, with the exception of the paste with an ‘n’ value of 
0.07.  It is known from previous rheological research on alkali activator solutions that, 
there is an increase in the ion-dipole forces as well as an increase in the quantity of Si-O-
H-M complexes with activator concentration. Thus with more alkali ions present and a 
lowering of agitation, the ionic motion in alkali activated slag pastes takes a relative ly 
longer time to decay. This causes a delay in the onset of rapid stiffening behavior. 
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5.3 Shrinkage Quantification Digital Image Correlation (DIC) 
5.3.1 Influence of Ms on strain development 
 
Figure 5.5: Strain maps of restrained alkali activated slag paste samples at 120 mins with 
varying Ms of (a) 1.0 (b) 1.5 and (c)2.0 with a constant ‘n’ value of 0.05; along with the 
color key of strains up to 3%. 
The alkali activated slag pastes were cast in a 100 mm x 100 mm mold with 2 steel U-
bends present in each of the four sides. The schematic of the setup is discussed in the 
materials and test methods section. The paste shrinks with time, which results in strain 
localization on the free exposed surface. The loss of moisture under vacuum accelerates 
the shrinkage mechanism. However as seen earlier, there is an effect of paste stiffening 
attributable to the chemical reaction, along with retention of moisture. It is evident from 
Figure 5.5 that strain development depends on the location for stress localization, which 
changes with the Ms. The shrinkage behavior is predominantly a function of moisture loss 
from the paste [79], due to lower moisture retention capacity of the binder.  
Figure 5.5(a) indicates higher localized strains for the alkali activated slag paste with an 
Ms of 1.0. This can largely be attributed to the low viscosity of the paste and the delay in 
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the stiffening behavior as explained earlier. The low viscosity of the paste aids in rapid loss 
of moisture, creating voids in the paste. With time, these voids grow in size and coalesces 
with adjoining voids to form hairline cracks in the semi-viscous paste. At the end of 120 
mins, there is sufficient paste stiffening in the periphery of exposed crack surfaces which 
increases the overall surface area-to-volume ratio of the paste. However, as the viscosity 
of the alkali activated slag paste increases with Ms, it allows for more water retention. From 
Figure 5.5(b) and (c) the average strain contour spacing as well as the peak strains have 
reduced significantly. Sharp strain localization behavior is not indicated, which can be 
attributed to the relatively quick stiffening behavior that transitions the paste viscosity from 
fluid to viscoelastic state early on. The higher silicate content in these mixtures allows for 
an enhanced water retention capability, thereby reducing the formation of local pore sites 
for aggressive outflow of moisture. The effect of rapid stiffness is evident in the strain 
localization spacing that is smaller for alkali activated slag paste of Ms 2.0. Since the 
reactivity of alkali activated slag paste with Ms 2.0 is lower and the delay in the onset of 
acceleration peak observed in isothermal calorimetry results indicates a delayed reactivity, 
the paste remains in an elastic state for a longer duration as opposed to pastes of Ms 1.0 
and 1.5.  
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Figure 5.6: (a)Evolution of strains profile of an alkali activated slag paste of Ms 2.0 with 
time and the (b) frequency distribution of strains from each image indicating a change in 
the nature of strain distribution 
Figure 5.6(a) and (b) shows computation of the average strains from the strain maps were 
obtained by generating a frequency distribution curve of the strains at bin intervals of 
0.0005. It can be seen from Figure 5.6(a) that after 10 minutes of specimen preparation, 
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there is negligible strain on the surface as expected. With increasing time, shrinkage strain 
localization results in expansive (positive) and contractive (negative) strains to be 
generated. Hence the high frequency peak dampens with time and a positive skewness 
occurs in the curve along with the rise of the shoulder of higher positive strains around 
0.005 strain. There is a subsequent rise in the negative strains too but of a much lower 
intensity and is negligible compared to the positive strains. Hence for simplic ity of analysis, 
the average strains were computed from only the positive strain distribution by considering 
the weighted average method. By this method the strains occurring in one bin were 
multiplied by their respective frequencies and summated to get a sum of strain frequency. 
The average strain is the sum of the product of the strains and frequency divided by the 
total of frequencies.  
 
Figure 5.7: Evolution of average positive strain for alkali activated slag with varying Ms 
of 1.0 to 2.0 
Figure 5.7 shows the average strain was computed from images at a regular interval of 15 
mins. From Figure 7 it can be noticed that the average strain linearly increases with time 
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for the alkali activated slag pastes with varying Ms from 1.0 to 2.0. Between 0 to 50 mins, 
higher average strains are obtained for the alkali activated slag paste with an Ms of 2.0. 
This can be attributed to the early stiffening behavior as seen in Figure 5.3. This leads to a 
viscoelastic response of the paste, while resisting the moisture loss, which leads to 
moderate frequency of low strains. During the same time, the alkali activated slag paste of 
Ms 1.0 still exists in a fluid state, thereby showcasing negligible shrinkage behavior. 
However this behavior transitions to yield higher average strains for a paste with lower Ms 
beyond 50 mins. The alkali activated slag paste proportioned using an Ms of 1.0 includes 
higher sodium hydroxide content. It is known from previous literature that addition of 
hydroxide in the slag systems leads to the formation of layered double hydroxide (LDH) 
structures which are microscopic plate like structures [99]. These plate-like structures hold 
water within themselves, but also lose the water easily. This results in exaggerated moisture 
loss for the alkali activated slag paste at a lower Ms. The alkali activated slag pastes of Ms 
2.0, has an appreciably high amount of silicates, which after the quick stiffening behavior 
prevents aggressive moisture loss as compared to the paste of Ms 1.0. Had there been no 
water retention behavior of the silicates, the paste would crack sooner due to volumetr ic 
changes. The effect of silicate water retention is only active until the first 24 hours, and is 
likely not as effective is preventing drying shrinkage.  
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5.3.2 Influence of Ms on mass loss due to evaporation 
 
Figure 5.8: Evolution of mass loss for alkali activated slag pastes under vacuum with 
varying Ms of 1.0 to 2.0 
Figure 5.8 indicates the moisture loss from the alkali activated slag pastes as a function of 
the activator Ms. As explained earlier, the moisture loss is initially higher and similar for 
the first 2 hours. As the paste of Ms 2.0 stiffens, the water loss is not appreciable and a 
plateau in the loss is observed early on. For pastes of Ms 1.0 and 1.5, the moisture loss 
plateau occurs much later and is highest for the paste of Ms 1.0. This is in line with the 
earlier discussions. 
5.3.3 Limitations of using the OPC paste for Rheology and Strain characterization tests 
OPC paste was used to perform the shrinkage test at early ages to act as a control sample. 
The OPC paste is a low yield stress material in a fresh state and develops its structure at 
comparatively lower rate as compared to alkali activated slag pastes. Hence the OPC paste 
did not show any stress above 5 Pa for about 1.2 hours and beyond this stage, resulting in 
a structural breakdown. Since the effect of reaction mechanism on rheological property 
development of OPC pastes lies in a different time scale as opposed to that of alkali 
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activated slag which indicates the structure development in the first 30 mins; it is difficult 
to compare their behaviors.  
The critical aspect for strain characterization relies on the adhesion of the paint membrane 
applied onto the fresh paste after placement in the mold. For alkali activated slag pastes, 
the membrane was able to hold its structure and successfully transitioned into the stiffening 
behavior before a aggressive moisture loss could take place. However for the shrinkage 
tests of OPC pastes, since it is in a viscous state for a long duration, there is significant 
bubbling and bleed water, which creates a poor adhesion between the paint membrane and 
the paste. Despite reducing the water-to-cement ratio, there was sufficient movement in the 
paste due to absence of quick stiffening, which ruptured the membrane. This impeded a 
continuous analysis via Digital Image Correlation (DIC). Hence the OPC paste could not 
be tested along with the alkali activated slag pastes using DIC.  
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5.4 Analysis of shrinkage crack pattern of alkali activated slag 
 
Figure 5.9: Evolution of crack pattern at time intervals of (a-c)1, (d-f)12, (g-i)24 hours 
and (j-l)28 days for Ms of 1.0, 1.5 and 2.0 
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The crack pattern obtained during the shrinkage tests for the alkali activated slag paste was 
mapped continuously. The threshold images of the crack pattern observed at 1, 12, 24 hours 
and 28 days is obtained for Ms of 1.0, 1.5 and 2.0.  The alkali activated slag paste 
proportioned using an Ms of 1.0 indicates the high density of cracks  developed earlier in 
time. This is attributable to the favoring of the formation of layered double hydroxide 
structures which allow for faster moisture loss due to a non tortuous path for water to 
escape. The alkali activated slag pastes proportioned using an Ms of 1.5 and 2.0 do not 
indicate any cracks for the first 1 hour. At 12 hours, the slag paste of Ms 1.5 indicates 
hairline crack formation which are observed to increase in with by 24 hours. The crack  
pattern obtained by the end of 28 days indicates the highest width due to cracking for the 
slag pastes proportioned using an Ms of 2.0. This is attributable to the high viscosity effect 
of the paste in a fresh state preventing the loss of moisture, however, as the paste hardens 
, the effect of viscosity wears off resulting in a  high loss of moisture at 28 days.  
5.5 Summary 
The reaction kinetics, rheology and the moisture loss were evaluated in order to understand 
the chemical and physical effects on the shrinkage behavior for alkali activated slag pastes.  
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6 TIME AND TEMPERATURE EFFECTS OF ALKALI ACTIVATED SLAG 
PASTES ON FUNDMENTAL STRUCTURE  
6.1 General 
Alkali activated slag binders conventionally do not require any thermal curing due to its 
inherent high reactivity. However, in order to expedite the hydration and study its effect at 
the fundamental material structure level, FTIR and NMR were performed. The process of 
deconvolution and curve fitting were extensively used to characterize the behavior of silica 
polymerization in particular. The change in the Si-O-T peaks were tracked with time and 
temperature to understand the rate dependency of the polymerization process for different 
Ms. 
6.2 FTIR spectra of unreacted slag and its deconvolution 
 
Figure 6.1: (a) FTIR spectra in the absorbance mode of unreacted slag in the wavenumber 
range of 400 to 4000 cm-1, and (b) the main FTIR peak in the 800-1200 cm-1 region and 
its deconvolution, shown in the absorbance mode. 
Figure 6.1(a) shows the FTIR spectrum of unreacted slag. The major peak lies in the 850-
to-950 cm-1 range, corresponding to the asymmetric stretching vibration of Si-O-Si and the 
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Si-O-Al bonds. The major peak at 670 cm-1 is an asymmetric stretching vibration 
associated with tetrahedral T-O group where T can be Si or Al [88,89]. A small peak in the 
1450-to-1458 cm-1 is representative of the O-C-O linkages which is attributable to 
carbonation. It has been reported that this main carbonation peak also has a shoulder peak 
at 875 cm-1 [89,100], which in this case is masked by the Si-O-Si and Si-O-Al asymmetr ic 
stretching vibrations. This may be an indication of a slight degree of carbonation in the 
unreacted slag.  
Figure 6 1(b) shows the deconvoluted peaks in the spectrum of the unreacted slag powder 
using a Gaussian line shape function. A resolution enhancement factor of 3.5 is used. The 
area of interest in this spectrum is the 800-to-1200 cm-1 range, which is indicative of the 
vibration modes that stem from the silica bonds. The component bands from the 
deconvolution process show peaks at 946, 884, and 835 cm-1. The peak at 946 cm-1 
represents the asymmetric stretching vibration of Si-O-T bond [64,71,101–104], attributed 
to some crosslinking that is already present in the unreacted slag. The peak at 884 cm-1 
represents the symmetric stretching vibration of Si-O bond [101,105]. The peak at 835 cm-
1 can be attributed to the Si-O asymmetric stretching bond [102]. The peaks corresponding 
to Si-O symmetric and asymmetric bonds can be attributed to the non-polymerized 
orthosilicate units (Q0). The peak at 946 cm-1 (Si-O-Si asymmetric stretching) are 
indicative of the Q1 silica species forming the pure silica tetrahedral [106]. The minor 
deconvoluted peaks in the 1020-to-1150 cm-1 range are the spectral shoulder peaks of the 
principle band of Si-O-T asymmetric stretching [73,101,107]. The asymmetric stretching 
manifests itself in two different wavenumber ranges, plausibly due to difference in their 
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stretching force constants [108]. Using these ranges as reference, the peaks in the 
deconvoluted FTIR spectra of the alkali activated slag pastes have been assigned to 
different bonds in the following sections.  Alkali activation results in silica polymeriza t ion 
and alumina incorporation in the tetrahedral (with the alkali cations acting as charge 
balancers). This leads to a shift in the peak and an increase in the amplitude of the Si-O-T 
asymmetric stretching peak relative to the other shoulder peaks. Thus the enhanced peak 
identification enabled by the deconvolution process facilitates characterization of not only 
the reaction process but also the reaction product and the level of alumina incorporation.    
3.2 Time-dependence of reactions as determined using FTIR spectra  
 
Figure 6.2: FTIR spectra (in the transmittance mode) of slag activated using: (a) sodium 
silicate, and (b) potassium silicate as a function of ambient curing time. All pastes 
proportioned using an n of 0.05 and Ms of 1.5. 
Figure 6.2 shows the time-dependent changes in the FTIR spectra of sodium and potassium 
silicate activated slag pastes proportioned using an n of 0.05 and Ms of 1.5, evaluated from 
a period 6 hours after mixing to 28 days of reaction in sealed curing conditions. The signal 
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attributed to the OH groups at around 1640 cm-1 diminishes with increasing time because 
of the reduction of free water and its consumption into the reaction products. There is a 
small band associated with the stretching vibration of carbonates (O-C-O bonds) at around 
1450 cm-1 [109], mostly prominent at early ages, which can be ascribed to the carbonation 
that would have occurred during the mixing of the pastes. The major peak appears in the 
900-to-1000 cm-1 range, assigned to the vibration of Si-O-T bonds. As can be noticed from 
a comparison with the spectrum of unreacted slag, these peaks have shifted towards higher 
wavenumbers in the activated mixtures, likely indicating increased polymerization [110]. 
This vibration band in alkali activated slag denotes the presence of C-A-S-H type gels. The 
widths of the peak reduce over time, and the sharpness increases as the paste ages, implying 
that the polymerization degrees of the aluminosilicate anion groups have become more 
uniform. No quantitative deductions on the influence of the alkali cation (Na or K) or the 
reaction time could be obtained from these spectra, which necessitates a detailed study on 
deconvoluted FTIR spectra, as is explained in the remainder of this paper.  
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Figure 6.3:Deconvoluted FTIR spectra (in the absorbance mode) of an activated slag 
paste proportioned with an Ms of 1.0 and n of 0.03 after: (a) 1 day, (b) 7 days, (c) 14 
days, and (d) 28 days.  The decline in prominence of the Si-O symmetric and asymmetric 
stretching bonds and an enhancement of the Si-O-T bonds with time can be noticed.  
Figure 6.3 focuses on the region of interest for the Si-O-T bonds in alkali activated slag 
pastes. In this figure, the evolution of the Si-O symmetric and asymmetric stretching peaks 
of pastes proportioned using an n of 0.03 and Ms of 1.0 is used to obtain insight into the 
changes in spectra as a function of time. The spectral deconvolution has been carried out 
as explained earlier. The peak between 936-to-940 cm-1 gains in intensity and shifts to a 
higher wavenumber as reaction time increases, thereby indicating a higher degree of 
polymerization with time, as has been reported elsewhere [80]. The intensity change is 
noticed to be higher at early ages (until ~14 days). The intensity of the Si-O symmetric and 
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asymmetric vibration bonds (in the 800-to-900 cm-1 range) which are attributed to non-
polymerized orthosilicate units (Q0) in pure slag decreases with time, and a concomitant 
increase in the magnitude of the Si-O-T peaks (~940 cm-1) is observed. However, there is 
no significant shift in the wavenumber of these peaks. The reduction in intensity and 
broadening of the peaks corresponding to the Si-O vibrations is seen to continue with 
reaction time.  More details on the changes in wavenumbers attributed to the Si-O-T bond 
with time is provided in the following section.  
6.3 Interpretations based on characteristics of the dominant vibration peak 
6.3.1 General trends in wavenumber shifts with reaction time 
 
Figure 6.4: A typical representation of changes in wavenumber attributed to the Si-O-T 
peak shift of slag from 6 hours to 28 days when activated using Na or K silicate. The 
pastes considered here are proportioned using an n of 0.03 and Ms of 1.0. The 
wavenumbers shown here are the average of three replicate measurements. The standard 
deviations were all less than 4.5%.  
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Figure 6.4 shows the wavenumber attributed to the Si-O-T peak as a function of time (6 
hours-to-28 days) for slag activated using Na and K silicate solutions proportioned using 
an n value of 0.03 and Ms of 1.0. The first reported measurement is after 6 hours of reaction 
since, before this time, the intense signal for water (at 3430 cm-1) renders realistic 
identification of other peaks difficult. For both the Na and K silicate activated slag pastes, 
the wavenumbers attributed to the Si-O-T peak is higher than that of the unreacted slag 
(which is ~946 cm-1) in the early stages of reaction, but it drops to lower values as the 
reaction progresses. The early-age, silica-rich reaction products, akin to C-S-H gels 
resulting from cement hydration, and containing some alkali ions, demonstrate Si-O 
asymmetric stretching vibration bands around 953-to-962 cm-1 [102], which is greater than 
that of the unreacted slag.  
The significant drop in wavenumbers corresponding to the Si-O-T (T = Si or Al) bond until 
about 24 hours (depending on the alkali cation type) and the following gradual increase 
could be attributed to the severing of pure silica bonds and Al incorporation into the gel 
[52,111], i.e., significant amounts of structural breakdown and reorganization. For fly ash 
based systems, the influence of soluble silicates in this process has been elucidated in [101], 
and a similar mechanism can be expected to be dominant for the case of slag-based systems 
also. Inclusion of Al in the silica oligomers results in the formation of large networks 
consisting of Si-O-Al bonds through condensation [39,112]. Since the bonding force 
constant of Si-O-Al is lower than that of Si-O-Si [108], the wavenumbers attributed to the 
Si-O-Al bonds are always lower than that of the Si-O-Si bonds.  As the incorporation of Al 
into the gel continues with time (e.g., beyond 24 hours), some or all of the symmetric (Si-
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O-Si) bond vibrations transform into Si-O-Al asymmetric vibrations along with 
asymmetric vibrations associated with non-bridging structures such as Si-O-M (M = Na or 
K). This can also be observed from Figure 3 where the intensity and the wavenumber of 
the asymmetric Si-O-T units increases with time, relative to the symmetric vibrations. 
During this time, the gel structure rearrangement continually progresses, and consequently 
the wavenumber of the Si-O-T stretching vibration gradually increases and fina lly 
asymptotes. It needs to be noted here that Si-O-Si asymmetric stretching is also possible 
when Al is in close proximity to the Si-O-Si bond even when it is not incorporated into the 
silica tetrahedral. The fact that asymmetric Si-O-Si and the Si-O-Al peaks share the same 
wavenumber range [101] complicates a detailed understanding of the distribution of Al in 
the gel structure through the use of FTIR spectra. In a later section, NMR spectra is used 
to provide more clarity to this observation.  The progress of the alkali activation reaction 
indicated by the FTIR spectra and an increase in the amount of reaction products formed 
with time as confirmed from porosity studies [113] are responsible for the enhanced 
mechanical properties of alkali activated slag pastes with time, as shown in Figure 6.5(a).  
The alkali cation type also has a significant role in the structure formation process since it 
acts as a charge balancer for the substitution of Si4+ by Al3+ in the polymeric chains. From 
Figure 4, it can be noticed that the wavenumbers corresponding to the Na silicate activated 
pastes are lower than those of the K activated pastes beyond the 24-hour time period (which 
corresponds to the post-acceleration phase in the isothermal calorimetry curves in Figure  
5(b). This is consistent with the trends for fly ashes activated using Na- or K-based agents 
reported in [101]. With an increase in the extent of alkali activation, the non-bridging 
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oxygen (NBO) concentration of the aluminosilicate increases, which moves the Si-O-T 
asymmetric stretching vibration to lower wavenumbers [101,114]. Thus the Na silicate 
activated pastes are more effective in ensuring activation than their K counterparts. Even 
though K silicate favors increased dissolution of the glassy species in slag as can be noticed 
from the larger dissolution peak in the isothermal calorimetry signature shown in Figure 
6.5(b), the acceleration phase for this paste happens much earlier (~ 6 hours for the K 
silicate activated slag and ~ 10-15 hours for the Na silicate activated slag). The reaction 
products thus formed around the slag particles in this case impedes further reaction. Figure 
6.5(a) demonstrates through compressive strength evolution that the activation achieved 
by the Na silicate activator is more efficient. It is also noticed that the beginning of the 
acceleration phase roughly corresponds to the drastic drop in Si-O-T bond wavenumbers 
shown in Figure 6.4.  
 
Figure 6.5: (a) Increase in compressive strength until 56 days for Na and K silicate 
activated slag mortars proportioned using Ms of 1.5 and (b) calorimetric signatures of Na 
(a) (b) 
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and K Silicate activated slag at Ms of 1.5 over 24 hours. The n value used in both the 
cases is 0.05.  
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6.3.2 Influence of activator type and alkalinity 
 
Figure 6.6: Si-O-T peak shifts of Na-Si activated slag pastes with n of: (a) 0.03 and (b) 
0.05, and peak shifts of K-Si activated slag pastes with n of: (c) 0.03 and (d) 0.05. 
Figures 6.6(a)-(d) demonstrate the variations in wavenumber as a function of time (beyond 
6 hours) for all the alkali activated slag pastes studied here. The general trends in the 
wavenumber shifts and how they relate to the structure formation have been elucidated in 
the previous section. Thus this section attempts to discern the influence of the activator 
type, and the n and Ms values on the deconvoluted FTIR spectral response.  
Figures 6.6(a) and (b) show the wavenumbers corresponding to the Si-O-T peak as a 
function of time for the Na silicate activated pastes proportioned using two different n 
values (0.03 and 0.05 – the higher the n value, higher the alkalinity) and three different Ms 
values (1.0, 1.5, and 2.0). For all the pastes represented in these two figures, there is a slight 
increase in the wavenumber of the Si-O-T asymmetric bond between 6 and 12 hours after 
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which the wavenumbers decrease significantly, and then gradually rises and asymptotes, 
the reasons for which were previously explained. When the influence of the total amount  
of alkalis present in these systems is considered (i.e., between n values of 0.03 and 0.05), 
it can be noticed that the increase in wavenumbers between 6 and 12 hours is more 
prominent for mixtures proportioned with a lower n value. In other words, as the alkalinity 
increases, the Si-O-T asymmetric stretching appears at a lower wavenumber. This once 
again, can be attributed to the increased number of NBO sites which results in the T (Al or 
Si) units in the structure becoming more isolated, and a consequent reduction in the 
molecular force constants of the T-O bond. It is also noted that the wavenumbers, in 
general, gradually increase after a duration of 24 hours for the slag pastes proportioned 
using a lower n value, whereas for the mixtures of higher alkalinity, the change is less 
gradual. The wavenumbers at later ages are also lower for the higher alkalinity systems for 
reasons explained before. In both cases (n of 0.03 and 0.05), the system with higher 
amounts of soluble silicates (Ms of 2.0) shows the highest wavenumbers. This can be 
attributed to the following reasons individually or in combination: (i) increased 
polymerization of the gel in the presence of increased amounts of silicates, (ii) the presence 
of Al in close proximity to the silica tetrahedral that distorts it, and (iii) lower NBO 
concentrations when the alkali content is lower (a higher Ms corresponds to a lower 
alkalinity).   
There is no significant difference in the general nature of the peak shifts between Na and 
K silicate activated slag pastes, apart from the fact that the wavenumbers are lower for the 
Na silicate activated pastes. However minor differences are noted in the occurrence of the 
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peak shifts with time. In Figures 6.6 (c) and (d), it is observed that the drop in the peak 
shift for the K-silicate activates pastes happen much earlier as compared to those for the 
corresponding Na-silicate activated slag samples. As discussed in previous sections, with 
the K+ ion favoring increased dissolution of slag, the reaction occurs faster with more heat 
evolved for K silicate activated slag pastes as seen in Figure 6.5(b). This can be noticed in 
particular for all pastes proportioned using an n of 0.03 (lower alkalinity) and that 
proportioned using an n of 0.05 and Ms of 2.0 (higher silica content which reduces the 
alkalinity in the mixtures made using an n of 0.05; in other words, the influence of 
combined effects of total alkalinity and the cationic type is very evident here). For the K-
silicate activated systems with lower alkalinity, it takes longer for the reaction to reach the 
critical point and start the acceleration phase which likely correlates with the beginning of 
incorporation of Al into the silica tetrahedral. Beyond 12 hours there is a gradual increase 
in peak shifts to higher wavenumbers, similar to the case with Na-silicate activated 
systems. It can also be noted that the differences in the peak shifts with change in Ms is 
lower for the K-silicate activated slag systems at both the n values of 0.03 and 0.05. A high 
early reactivity can be attributed to this behavior. Beyond 48 hours of reaction, the 
wavenumbers are relatively invariant to the n and Ms values irrespective of the alkali cation 
type. However, our earlier work has shown that an n value of 0.05 and Ms of 2.0 is more 
desirable from a compressive strength viewpoint [12]; high concentrations of alkalis and 
soluble silicates are required to advance the alkali activation reactions. The results from 
this study are in line with earlier findings that show: (i) the influence of higher alkalinity 
on the formation of a highly polymerized phase early on, which impacts the early age 
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strength, and (ii) the impact of higher silicate content on the re-polymerization of the 
hydrolyzed phase that impacts the later age strength [101]. 
6.4 Tracking reaction progress with time at elevated temperatures 
 
Figure 6.7: Wavenumbers corresponding to the dominant Si-O-T peak for Na- and K-
silicate activated slag pastes at Ms of 1.5 cured at: (a) 60oC and (b) 80oC, from 3 hours to 
3 days 
To ascertain the changes in the reaction mechanisms and the nature of the products formed 
at elevated temperatures, selected samples were heat-cured at two different temperatures, 
i.e., 60oC and 80oC in an oven for a maximum of 72 hours. The results are shown in Figures 
6.7(a) and (b). In contrast to the results obtained from samples cured at 25oC (Figures 6.4 
and 6.6), the heat cured samples, in general, show consistently increasing wavenumbers 
with time. Figure 6.7(a) shows that, when cured at 60oC, the both the Na- and K-silicate 
activated pastes demonstrate rapid increase in wavenumber (attributed to the 
polymerization of gel which is preceded by depolymerization of the starting material) until 
about 6-to-24 hours depending on the cationic type and the alkalinity. Beyond that time, 
the increase in wavenumber is more muted, with a wavenumber plateau having reached by 
48 hours. At this temperature, no drop in wavenumbers, as seen in Figure 6.4 for ambient 
cured mixtures, are observed. When the pastes are cured at 80oC (Figure 6.8(b)), the 
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wavenumbers corresponding to the Si-O-T bonds are much higher at early ages as 
compared to the ones cured at 60oC; however, at around 6 hours, there is a drop in the 
wavenumbers which was not observed for the pastes cured at 60oC. This is likely attributed 
to the faster initial reaction at higher temperature that accelerates the depolymerization of 
the starting material and the initial slag reaction to coat the particles with a product layer, 
which then requires further acceleration through a combination of temperature and 
chemical environment in order to react and polymerize to a higher degree. Notwithstand ing 
the wavenumber drop that is seen, the pastes cured at 80oC eventually end up with higher 
wavenumbers at the end of the curing duration (72 hours in this case), implying better 
polymerization and formation of reaction products that lead to better mechanical properties 
[115–117]. For both K- and Na- silicate activated pastes, the wavenumbers are generally 
higher for the mixtures proportioned using a lower n value (n=0.03). This relates to the 
explanations provided earlier that an increase in alkalinity increases the NBOs which shifts 
the asymmetric stretching vibration of the Si-O-T bond to a lower energy level.  
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Figure 6.8: Wavenumbers obtained for Na and K silicate activated slag pastes at the end 
of curing process for Ms of 1.5 and n of 0.03 and 0.05. 
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Figure 6.8 shows the wavenumbers of the ambient- and heat-cured specimens at the end of 
the test duration. In general, the dominant Si-O-T bond demonstrates higher wavenumbers 
when the pastes are activated using lower levels of alkalinity (n=0.03), irrespective of the 
cationic type. Increasing the temperature of curing (within the limits adopted in this study) 
increases the Si-O-T bond wavenumber. The final wavenumbers are higher for the K-
silicate activated pastes for reasons described earlier.   
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6.5 NMR spectroscopy verification of related trends 
In this section, 29Si NMR spectroscopic studies on slag pastes activated using both cationic 
types and cured at two different temperatures are reported to provide more insights into the 
reaction product type and amounts.    
 
Figure 6.9: 29Si MAS NMR spectrum of slag 
Figure 6.9 shows the 29Si MAS NMR spectrum of slag, which has a single broad resonance 
at 75.8 ppm, indicating the presence of Q0 and Q1 structural units. The Gaussian profile 
and the high value of line width at half height is the result of the glassy structure of slag.  
Chemical shift (ppm) 
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Figure 6.10: 29Si NMR spectra of slag pastes: (a) Na silicate activated, cured at 25oC for 
28 days, (b) K silicate activated, cured at 25oC for 28 days, (c) Na silicate activated, 
cured at 60oC for 3 days, and (d) K silicate activated, cured at 60oC for 3 days. All pastes 
activated using activators proportioned with n=0.05 and Ms = 1.5  
Figure 6.10 depicts the 29Si MAS NMR spectra for slag activated using Na- and K-silicate 
solutions after ambient temperature curing for 28 days or heat curing at 60oC for 3 days. A 
Gaussian deconvolution procedure is adopted for the overlapping peaks in the MAS NMR 
spectra of the reacted pastes [43]. The component peaks and simulated spectra are also 
shown in Figure 6.10. It is assumed in the deconvolution process that the shape of the 
remnant anhydrous slag resonance line does not change during the reaction (i.e., the 
dissolution process is congruent [118]). The peaks are assigned to Qn structures based on 
available literature [52,119,120]. It can be observed that the spectral peaks have slightly 
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shifted to slightly more negative values [106]. Table 6.1 summarizes the chemical shifts 
attributed to the different peaks and their relative intensities.  
Table 6.1: 29Si MAS NMR spectral deconvolution of Na and K silicate activated slags 
subjected to different curing regimes. n=0.05 and Ms=1.5 for all the pastes 
Paste 
type 
Details  Q0 Q1 Q2(1Al) Q2(0Al) Q3(1Al) Q4(mAl) cCASH hc 
Na 
silicate 
activated; 
25oC 
Width 
(ppm) 
9.99 3.23 3.22 3.14 3.44 2.82 1.86 0.72 
Integral 
(%) 
27.60% 13.60% 17.70% 33.50% 4.20% 3.40% 
K silicate 
activated; 
25oC 
Width 
(ppm) 
10.35 3.83 3.11 3.04 6.35 1.15 1.79 0.65 
Integral 
(%) 
35.50% 17.00% 13.10% 29.80% 3.70% 1.00% 
Na 
silicate 
activated; 
60oC 
Width 
(ppm) 
9.78 3.43 3.70 2.96 4.14 4.39 1.91 0.84 
Integral 
(%) 
15.70% 13.20% 25.90% 35.40% 5.60% 4.20% 
K silicate 
activated; 
60oC 
Width 
(ppm) 
9.78 3.42 3.69 2.95 4.15 4.38 1.91 0.78 
Integral 
(%) 
22.30% 11.70% 23.40% 33.60% 5.40% 3.50% 
 
The assignment of resonances between -75 and -80 ppm for alkali activated slags is 
generally attributed to either Q0 or Q1 sites. It has been reported that the chemical shifts of 
Q1 sites in C-S-H gels can be widely different depending on the number of cations in charge 
balancing sites or the type of the charge balancing species [119]. The most prominent silica 
species representative of the reaction product is the Q2(1Al) and Q2(0Al) that occur at 
approximately -82 and -85 ppm (±1 ppm) ppm respectively. The high occurrence of the 
Q2(1Al) species is indicative of the presence of Al in the gel structure and the formation of 
C-(A)-S-H type gel rather than C-S-H gel. The Na silicate activated pastes incorporate a 
higher amount of Al in the gel structure than the K silicate pastes as seen from the 
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quantified Q2(1Al) amounts. This is in conformance with the FTIR spectral deconvolut ion 
results which showed lower wavenumbers corresponding to the asymmetric stretching of 
Si-O-T bond for the Na silicate activated pastes. As Al incorporation in the gel increases, 
the asymmetric vibration becomes dominant and the corresponding wavenumbers are 
lower. In Figure 6.10 it can be seen that the NMR spectral deconvolution lines are broader 
at -75 to -79 ppm which represents unhydrated slag and Q1 species for the samples cured 
at 25oC than for the ones cures at 60oC. The amounts of the Si species are proportional to 
the integrated intensities of each of the resonance lines in the deconvoluted spectra. The 
integrated intensities are shown in Table 6.1 as well as in Figure 6.11.     
 
 
Figure 6.11: Fraction of Qn sites for Na and K silicate activated slag pastes cured at 25oC 
and 60oC from integrated intensities of 29Si NMR spectra 
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Figure 6.11 shows the distribution of the various silica species for both Na and K silicate 
activated pastes cured at 25oC and 60oC. It can be noted that the combined intensities of 
the Q1, Q2(1Al) and Q2(0Al) structures are approximately 65% and 60% for the Na and K 
silicate activated pastes cured at 25oC, and 75% and 69% for the Na and K silicate activated 
pastes cured at 60oC. The increase in the amount of the reaction products when they are 
heat cured is at the expense of unhydrated slag which can also be seen in Figure 6.11. The 
unhydrated slag content drops from 28% to 16% for Na silicate activated pastes and from 
36% to 22% for K silicate activated pastes when the curing temperature is increased from 
25oC (for 28 days) to 60oC (for 72 hours).   
To further elucidate on the differences in the alkali cation type and curing temperature on 
the reaction products, the average degree of C-(A)-S-H connectivity (cCASH) is calculated 
as follows [121]: 
321
321 32
QQQ
QQQ
cCASH


                        6.4 
A higher value of cCASH represents higher polymerization of the reaction product. The cCASH 
values are also provided in Table 6.1 for both the ambient and high temperature cured Na 
and K silicate paste samples. For the ambient temperature cured samples, the degree of 
connectivity is higher for the Na silicate activated pastes [121]. When the specimens are 
cured at 60oC, the activator cationic type does not seem to matter much. However, the 
connectivity cannot describe the amount of reaction products formed, which also 
influences the mechanical properties. It has been stated that the degree of reaction for 
hydrated cement pastes can be represented as [121]: 
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01 Qhc           6.5 
Even though this equation was developed for portland cement pastes, reasonable 
quantifications of Ca-bearing systems such as slag that result in a C-(A)-S-H gel can be 
achieved. The corresponding degrees of reaction are also shown in Table 6.1. While 
discrepancies are possible in extracting the reaction degrees from the amount of Q0 species 
present, this provides a comparative idea of the influence of cationic type and reaction 
temperature on the extent of alkali activation of slag. Increase in reaction temperature is 
shown to increase the reaction rate, as is the use of Na as the cation at both temperatures. 
The ambient temperature cured specimens made using Na silicate activator indeed 
demonstrate a higher compressive strength than the K silicate specimen, as shown in Figure 
6.5(a). 
6.6 Summary 
This chapter has provided the results of an extensive investigation implementing FTIR 
spectroscopy and associated spectral deconvolution to track the reaction progress in slags 
activated using Na or K silicate solutions. A Fourier self-deconvolution process, 
implemented in a custom-written code was used for spectral deconvolution. The variations 
in the Si-O-T (T=Si or Al) asymmetric stretching vibration occurring in the range of 940 
cm-1 to 960 cm-1 was used to infer the influence of reaction time, temperature, and activator 
characteristics. The spectral deconvolution process highlighted the growth of the Si-O-T 
band at the expense of Si-O symmetric bands, indicating the decrease in the amount of non-
polymerized silica (Q0) to form more polymerized silica species (Q1 to Q2).  
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In general, the wavenumbers attributed to Si-O-T asymmetric stretching vibration were 
found to drop until about 12 or 24 hours depending on the cation type, and then increase.  
The severing of the silica bonds by the activator, and the incorporation of Al into the gel 
structure resulted in this response. The final wavenumbers are not as high as the 
wavenumbers at very early ages because of the lower energy of the Si-O-Al bonds as 
compared to the Si-O-Si bonds. The wavenumbers corresponding to the Na silicate 
activated pastes were lower than those of the K activated pastes at later ages. This was 
ascribed to the increase in NBO concentration, resulting from better activation in the 
presence of Na silicates, which moves the Si-O-T asymmetric stretching to lower 
wavenumbers. Compressive strength results and the NMR spectroscopic quantificat ions 
confirmed this observation. When the activated slag pastes were cured at elevated 
temperatures, a rapid increase in wavenumbers attributed to the Si-O-T band was observed, 
and the pastes cured at a higher temperature (80oC in this case) demonstrated a higher final 
wavenumber. In this case also, the Na silicate activated pastes demonstrated lower 
wavenumbers that their K silicate activated counterparts.  
NMR spectroscopy was used to confirm the trends obtained from FTIR spectroscopy and 
deconvolution, especially the nature of Al incorporation in the gel. The proportion of the 
Q2(1Al) structures was found to be higher for the Na silicate activated pastes, confirming 
the trends from FTIR spectroscopy, and provided a quantification of the amounts.  The 
degree of the connectivity of the reaction product and the degree of reaction (extracted 
from the remnant Q0 species) were also higher for the Na silicate activated pastes cured 
under ambient and elevated temperatures. The study reported here showed that a simple 
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FTIR spectroscopic technique and self-deconvolution can provide reliable indicators of the 
changes in reaction sequence, product formation, and the chemical arrangement in alkali 
activated slags as a function of activator type and concentration, curing regime, and 
reaction time, even though sophisticated NMR studies are needed for accurate 
quantifications.  
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7 SPECTROSCOPIC STUDIES OF ALKALI ACTIVATED SLAG AND FLY 
ASH USING 29Si, 27Al and 23Na MAS NMR 
7.1 Time and/or Temperature Dependent Compressive Strengths 
 
Figure 7.1: Compressive strengths of (a) alkali activated slag binders after 3,7 and 28 
days of curing, and (b) alkali activated fly ash binders after three different types of heat 
treatments of 100oC @ 24h, 80oC @ 48h and 60oC @ 72h. 
Figure 7.1(a) shows the evolution of compressive strengths of alkali activated slag binders 
at 3, 7 and 28 days. It can be seen from Figure 1(a) that the initial strength development 
until 7 days is higher for the alkali activated slag binder for Ms of 1.0 as compared to the 
one proportioned using an Ms of 2.0. Unlike OPC-based binders that rely on C-S-H gel to 
provide strength to the material, the C-A-S-H gel is the dominant strength-impart ing 
component in alkali activated slag binders [118]. Ms plays an influential role in dictating 
the composition and the amount of C-A-S-H gel formed, which also influences several 
other early and later age characteristics of the binder. An Ms of 1.0 allows for an increased 
amount of Na+ ions sourced from sodium hydroxide as opposed to Ms of 2.0, which is more 
(a) (b) 
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concentrated in silica species. The higher content of alkalis in the form of NaOH facilita tes 
better dissolution of the glassy phases and consequently enhanced Al incorporation in the 
hydrated gel. However, after 28 days of curing, the influence of Ms is minimized, as noticed 
from the comparable strength irrespective of the Ms. Previous literature has shown a higher 
strength for mixtures proportioned using an Ms of 2.0 after 90 days of curing. The enhanced 
later age strength can be attributed to the presence of more silicate monomers which lead 
to the formation of more oligomers, and thus a densified microstructure [12]. 
Figure 7.1(b) indicates the evolution of compressive strengths for alkali activated fly ash 
binders at different curing conditions. The coupled effect of time and temperature 
influences the strength development of mixtures proportioned using both the Ms values. 
Alkali activation of fly ash generally requires thermal curing in order to initiate silicate 
polymerization in the resultant gels, which are responsible for the beneficial properties of 
these binders. Slag has more reactive silica species as compared to fly ash, and calcium is 
practically absent in Class F fly ash. For the binder proportioned using an Ms of 1.0, owing 
to enhanced dissolution in the presence of a higher alkali content, and consequent reaction 
product formation, the strength is higher even at lower physical activation levels (i.e., 
product of time and temperature) values. However an increase in strength is observed from 
32 MPa to 46 MPa when the treatment is changed from 24 hours at 100oC, to 72 hours at 
60oC. When more soluble silicates are added in the form of sodium silicate, the prolonged 
heat treatment benefits the polycondensation reaction for the soluble silicates to fuse and 
form a dense structural network. Silicate species have higher affinity for water molecules 
and hence more time is needed for the water to evaporate from this mixture in order to form 
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stable structural aluminosilicate bonds. This results in the activated fly ash binder 
proportioned using an Ms 2.0 treated for 72 hours at 60oC, demonstrating the highest 
strengths. The samples treated for 24 hours at 100oC (lowest physical activation index) 
indicate the least strength, which can be attributed to this water retention capacity, allowing 
the micro-structure to remain moist and porous. This was also evident during the testing 
process where the interior of the sample treated for 24 hours at 100oC was rather moist and 
soft. 
7.2 FTIR Spectroscopy to Detect Differences in Reaction Products between Activated 
Slag and Fly Ash based Binders 
Macroscopic properties such as compressive strength are influenced by the pore structure 
and the hydration product (gel) characteristics (including their degrees of polymerizat ion, 
Ca/Si ratios, and the degree of Al and/or Na incorporation. Since both activated slag and 
fly ash systems rely on aluminosilicate framework formation for their properties, FTIR and 
NMR spectroscopy studies were performed to evaluate the structural characteristics of the 
gel in greater detail. The peak in the FTIR spectra occurring around 942 cm-1 represents the 
asymmetric stretching vibration of Si-O-T (T = Si or Al) bond [82]. This is indicative of 
the Q1 silica species [119].  
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Figure 7.2: Si-O-T asymmetric peak from the FTIR spectra of alkali activated slag 
proportioned using Ms of: (a) 1.0 and (b) 2.0, as a function of the curing duration 
Figures 7.2(a) and (b) indicate the shift in the Si-O-T asymmetric peaks in binders 
proportioned using Ms of 1.0 and 2.0, which are associated with the polymerization of the 
reaction product of slag. The shift to a higher wavenumber indicates a higher degree of 
polymerization due to the formation of a Si tetrahedral structure or one in which Al is 
incorporated. The polymerization occurring due to incorporation of Al in the gel structure 
hall be discussed in detail later along with the discussions of the NMR spectra. Figure 
7.4(a) indicates the shift in the Si-O-T peak for alkali activated slag binder proportioned 
using an Ms 1.0, demonstrating a gradual shift in wavenumber from 942 to 955 cm-1. The 
shift in wavenumber can be interpreted as corresponding to the formation of Al 
incorporated Si tetrahedral. The high alkalinity in the mixture with Ms of 1.0 leads to an 
enhanced severing of the Si-O-Si bonds. This likely inhibits the conversion of monomers 
to oligomers, which in turn restrains the polymerized network formation. From Figure 
7.2(b) it can be seen that the shift in wavenumber for alkali activated slag binder 
3 Day
7 Day
28 Day
3 Day
7 Day
28 Day
SL Ms 1.0 SL Ms 2.0
Wavenumber (cm-1) Wavenumber (cm-1) 
(a) (b) 
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proportioned with an Ms 2.0 is gradual, from 948 at 3 days to 953 cm-1 at 7 days of reaction. 
The increase in wavenumber from 7 days to 28 days is much higher i.e., from 953 cm-1 to 
994 cm-1, which indicates the influence of more soluble silicates in the mixture. The Na+ 
ions help sever the monomers, while the higher Si content results in a stable polymerized 
structure at later ages. 
 
Figure 7.3: Si-O-T asymmetric peak from the FTIR spectra of alkali activated fly ash 
proportioned using Ms (a) 1.0 and (b) 2.0 
Figure 7.3 indicates the Si-O-T peak from the FTIR spectra for alkali activated fly ash 
proportioned using Ms 1.0 and 2.0. The peak shifts observed in the spectra of alkali 
activated fly ash are not very significant when the curing regimes mentioned earlier are 
adopted. This is attributed to the glassy nature of the Si from raw fly ash which does not 
change much structurally in alkali activated fly ash binders. It is also quite difficult to 
differentiate between the polymerized Si from the reaction product (N-A-S-H gel) and the 
glassy Si from raw fly ash. However between mixtures proportioned using Ms of 1.0 and 
100oC @ 24h
80oC @ 48h
60oC @ 72h
100oC @ 24h
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2.0, the shift in the wavenumber is higher for the one proportioned using an Ms of 2.0. A 
similar explanation as provided for the case of alkali activated slag is expected to hold here 
also. 
 
Figure 7.4: Peak wavenumbers at different ages of curing or types of treatment for (a) 
alkali activated slag and (b) alkali activated fly ash 
Figure 7.4 shows the wavenumber peaks for both alkali activated slag and fly ash binders 
to facilitate comparison between the binder systems. Between Figures 7.4(a) and (b), it can 
be seen that the wavenumbers are generally lower for alkali activated slag, which is due to 
presence of more reactive silica in those mixtures. For alkali activated fly ash binders, the 
peak wavenumbers are higher due to the silica species in the unreacted fly ash, as explained 
earlier. However, the peaks occurring for alkali activated fly ash binders indicate that the 
highest wavenumber occurs for the specimen proportioned using an Ms of 1.0 for a curing 
treatment of 24 hours at 100oC, while for the specimen with an Ms of 2.0, the corresponding 
curing condition is 48 hours at 80oC. This behavior does not directly correspond to the 
compressive strengths observed earlier. The high temperature of (100oC in this case) allows 
for an enhanced B severing of the soluble silica and related dissolution of the glassy phases 
(a) 
(b) 
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in the presence of alkali ions, resulting in enhanced polymerization. For the specimen 
proportioned with an Ms 2.0, which contains more soluble silicates, the prolonged curing 
duration of 48 hours at 80oC coupled with a reduced, but potentially desirable amount of 
alkalis, allows for the soluble silica being more beneficially utilized in the formation of the 
polymerized structure. This also indicate that the hydration product characteristics are not 
likely to relate directly to the compressive strengths, especially at later ages when degrees 
of reaction and amounts of product formed influences the response more than the structure 
of the product. 
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7.3 NMR Spectroscopy and Spectral Deconvolution  
 
Figure 7.5: MAS NMR spectra for (a) 29Si, (b) 27Al and (c) 23Na of raw slag and fly ash 
powders 
Figure 7.5 indicates the 29Si, 27Al and 23Na Magic Angle Spinning (MAS) NMR spectra of 
unreacted slag and fly ash powders. From Figure 7.5(a), the fundamental structural 
difference in the distribution of silicate species between slag and fly ash can be noted from 
the 29Si NMR spectra. Slag has predominantly Q0 and Q1 species occurring at around -78 
ppm whereas Class F fly ash has an assortment of Q3 to Q4 species with the peak occurring 
at around -93 ppm. The silicate species present in the raw binders dictates the formation of 
the polymerized species after the poly-condensation reaction, as shown by a significant 
shift in the Si-O-T peak associated with the slag based binder as compared to that of the 
fly ash based binder. Figure 7.5(b) shows the 27Al MAS NMR spectra of slag and fly ash, 
with the overlapping peaks of the tetrahedral aluminum (Altet) and octahedral aluminum 
(Aloct) occurring at about -60 and 4 ppm respectively. These species in raw state are 
amorphous and reactive in nature, and on reacting, form distinct Al peaks. Due to the 
negligible amount of sodium present in the raw slag and fly ash, the 23Na MAS NMR 
signals are weak as seen in Figure 7.5(c). On addition of sodium in the form of hydroxide 
(a) (b) (c) 
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and silicates, sharp and crystalline peaks appear, which indicate the formation of zeolites. 
The position of sodium in the tetrahedral structures as a charge balancer will be discussed 
later. 
7.3.1 NMR Spectroscopy of Activated Slag Binders  
7.3.1.1 29Si MAS NMR Spectra of Activated Slag Binders 
 
Figure 7.6: 29Si NMR spectra of slag binders hydrated for 28 days, proportioned using Ms 
of 1.0 and 2.0 
Characterization of the multiple silica species present in alkali activated binders is 
performed using 29Si MAS NMR spectroscopy. A Gaussian deconvolution procedure is 
adopted to differentiate between the overlapping peaks in the MAS NMR spectra of the 
reacted pastes [12,122]. The component peaks and simulated spectra are also shown in 
Figure 7.6. It is assumed in the deconvolution process that the shape of the remnant 
anhydrous slag resonance line does not change during the reaction. The peaks are assigned 
to Qn structures based on available literature [118,119,123]. It can be observed that the 
spectral peaks have shifted to slightly more negative values with time [12]. Table 7.1 
(a) (b) 
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summarizes the chemical shifts attributed to the different peaks and their relative 
intensities. 
Table 7.1: Summary of Qn sites for alkali activated slag of Ms 1.0 and Ms 2.0 for 3, 7 and 
28 days 
Sample Details  Q
0 Q1 Q2(1Al) Q2(0Al) Q3(1Al) Q4(mAl) 
SL 1.0 3d 
Chemical shift 
(  1 ppm) 
-75.18 -78.72 -81.63 -84.75 -89.27 -92.99 
Width (ppm) 9.99 3.23 3.22 3.14 3.44 2.82 
Integral (%) 64.34% 11.42% 10.04% 10.56% 2.34% 1.30% 
SL 1.0 7d 
Chemical shift 
(  1 ppm) 
-75.18 -79.32 -82.27 -85.00 -89.70 -92.96 
Width (ppm) 10.35 3.83 3.11 3.04 3.55 1.15 
Integral (%) 39.42% 12.53% 14.05% 29.80% 2.90% 1.30% 
SL 1.0 
28d 
Chemical shift 
(  1 ppm) 
-77.53 -81.79 -84.89 -87.81 -92.45 -96.24 
Width (ppm) 9.78 3.43 3.70 2.96 4.14 4.39 
Integral (%) 21.45% 13.20% 25.70% 34.05% 3.40% 2.20% 
SL 2.0 3d 
Chemical shift 
(  1 ppm) 
-77.52 -81.63 -84.58 -87.59 -92.58 -96.22 
Width (ppm) 9.78 3.58 4.00 2.88 4.05 4.38 
Integral (%) 66.60% 5.90% 7.50% 15.80% 2.40% 1.80% 
SL 2.0 7d 
Chemical shift 
(  1 ppm) 
-77.62 -81.71 -84.86 -87.98 -92.58 -96.18 
Width (ppm) 9.45 3.42 3.69 2.95 4.15 4.40 
Integral (%) 45.00% 9.60% 13.60% 23.80% 4.80% 3.20% 
SL 2.0 
28d 
Chemical shift 
(  1 ppm) 
-77.94 -81.88 -85.21 -88.05 -92.55 -96.20 
Width (ppm) 9.88 3.80 3.95 2.85 4.22 4.38 
Integral (%) 29.05% 11.59% 19.36% 31.70% 5.10% 3.20% 
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Figure 7.7: Distribution of Qn sites for alkali activated slag proportioned using an Ms of: 
(a)1.0 and (b)2.0 after 3, 7 and 28 days of hydration 
Figure 7.7 shows the distribution of Qn sites for alkali activated slag binders that are shown 
in Table 7.1. The distribution of Qn alkali activated slag binder of Ms 1.0 shown in Figure 
7.7(a) indicates the decrease in the amount of Q0 species with time, which is associated 
with the unreacted slag. There is a steady increase in the Q2(1Al) species with time, which 
is associated with the Al incorporation in the gel structure. However, proportion of the 
Q2(0Al) structures are also found to increase. This could be attributed to the saturation 
point being reached for severing of the silicate monomers. Figure 7.7(b) indicates the Qn 
distribution of the Si species for alkali activated slag binder proportioned using an Ms of 
2.0, and follows a similar behavior to that proportioned using an Ms of 1.0. The alkali 
activated slag binder with an Ms of 2.0 inherently has more soluble silicates which are 
readily available to form the silica gel structure. This prevents some of the slag from 
reacting since the silicate gel structure attains a stable configuration even without the silica 
dissolved from slag. This results in a higher proportion of unreacted slag species (Q0) for 
the binder proportioned using an Ms of 2.0. Al incorporation is also lower for the specimen 
proportioned with an Ms of 2.0, which is reflected from the lower Q2(1Al) species in 
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comparison to the ones obtained from the binder made using an Ms of 1.0. The amount of 
Q2(0Al) species is also lower in the case of the binder with an Ms of 2.0 since the amount 
of sodium hydroxide added is less in this mixture, which decreases the dissolution of the 
slag species. This, in combination with the enhanced presence of soluble silicates likely 
reduces the amount of Q2(0Al) species in this mixture. It can also be noted that the trend 
observed for the Q2(0Al) are in line with the strength gain. This indicates that by 28 days, 
the amount of Q2(0Al) may have plateaued for the specimen with an Ms of 1.0, but it could 
gradually increase for the one with an Ms of 2.0 until much later ages. From the above data, 
the mean chain lengths (MCL) and the degree of polymerization (DOP) of the silicate 
structures can be quantified using Equations 7.1 and 7.2 respectively.  
     𝑀𝐶𝐿 =
2∗(𝑄1+𝑄2(0𝐴𝑙) +(
3
2
∗𝑄2(1𝐴𝑙) )
𝑄1
                          7.1 
𝐷𝑂𝑃 = 1 − 𝑄0             7.2 
 
Figure 7.8:  Quantifications of: (a) mean chain lengths, and (b) degree of polymerization 
for alkali activated slag proportioned using Ms 1.0 and 2.0 after more than 28 days of 
reaction 
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Figure 7.8(a) shows that the mean chain length (MCL) for the binder proportioned using 
an Ms of 1.0 increases with curing time whereas the MCL for the binder proportioned using 
an Ms of 2.0 does not show a significant rise in the MCL due to the high degree of 
saturation of soluble silicates and the corresponding lower degree of severing of the silica 
bonds. There is no perceptible difference in MCL at later ages. This could be attributed to 
the relatively similar degree to which the monomers are broken to form a dense and inter-
connected polymer network. The degree of polymerization is similar for the specimens 
proportioned using both the Ms values as shown in Figure 7.8(b). While the presence of 
soluble silicates had a greater influence in the formation of major tetrahedral structures, 
increased dissolution by higher alkalinity also contributes to the formation of polymerized 
structures.  
7.3.1.2 27Al NMR Spectra of Activated Slag Binders  
 
Figure 7.9: 27Al NMR spectra of activated slag proportioned using an Ms of: (a) 1.0, and 
(b) 2.0 
3 Day
7 Day
28 Day
3 Day
7 Day
28 Day
SL Ms 1.0 SL Ms 2.0
ppm ppm 
(a) (b) 
157 
 
Figure 7.9 shows the 27Al MAS NMR spectra of the activated slag binders. The peak in the 
27Al MAS NMR spectra occurring around 60 to 70 ppm indicates the presence of 
tetrahedral aluminum species incorporated in the already synthesized silicon tetrahedral. 
The peak around 0 ppm indicates the octahedral aluminum which is indicative of the Al 
rich phases such as carboaluminates and hydrotalcite which may not be a part of the 
calcium alumino silicate hydrate (C-A-S-H) hydration product. In the process of alkaline 
activation of slag in presence of magnesium (slag contains a certain amount of Mg) and 
excess alumina, there is a resultant formation of a crystalline product, hydrotalcite [99]. 
The presence of hydrotalcite has only been significant at lower Ms due to the enhanced 
alkalinity allowing for the release of excess reactive alumina. For a higher Ms with lower 
amount of reactive alumina released from the slag, the formation of hydrotalcite is 
negligible. Due to the alkalinity, on prolonged exposure to carbon dioxide in air, there is 
significant carbonation which leads to formation of carbo-aluminates also. It can also be 
noted that the peaks associated with the tetrahedral aluminum indicate a higher intensity as 
curing time increase. A unique identification done mode was implemented in this study by 
utilizing the presence of side bands on either sides of the two main peaks. These peaks are 
a result of the H atom getting excited during the extraction of Al spectra, which hints at the 
possible coupled behavior between hydrates and aluminum or the formation of aluminum 
hydroxides. However, with time, those sidebands are also found to be reduced.  Figure 
7.9(a) indicates the increase in the peak intensity of octahedral aluminum with time along 
with an increase in the intensity of the tetrahedral aluminum peak. This can be attributed 
to the increased alkalinity of the mixture at Ms of 1.0 as explained earlier. Figure 7.9(b) 
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shows the gradual increase in the octahedral aluminum peak which is attributable to 
reduced hydrotalcite formation which is a result of the lower alkalinity. However there is 
formation of carbo-aluminates which is the major contributor to the octahedral peaks. The 
tetrahedral peak for the specimen having an Ms of 2.0 shows lower intensities as compared 
to that for the specimen made using an Ms of 1.0. 
  
159 
 
Table 7.2: Quantification of Al species present in alkali activated slag binders 
proportioned using Ms 1.0 and 2.0 from 3 to 28 days of hydration 
 Time 
Altetra 
(Signal 
fraction) 
Alocta 
(Signal 
fraction) 
Maximum 
Intensity 
(signal) 
SL 1.0 
3 Days 0.60 0.40 7.3e7 
7 Days 0.58 0.42 8.9e7 
28 
Days 
0.55 0.45 1.2e8 
SL 2.0 
3 Days 0.75 0.25 5.6e7 
7 Days 0.67 0.33 7.2e7 
28 
Days 
0.61 0.39 9.3e7 
 
Table 7.2 summarizes the tetrahedral and octahedral aluminum fractions as well as the 
maximum intensity of the spectra for each of the binders. From Table 7.2 it can be noticed 
that octahedral fraction of peaks of aluminum increases with time. The intensity of the 
peaks for tetrahedral aluminum also increases despite the fraction of tetrahedral species 
reducing due to a higher amount of crystalline structure formation. This behavior is 
consistent for alkali activated slag binders of both Ms values. However the increase in 
intensity is more for the peaks of specimen proportioned with an Ms of 1.0 as opposed to 
that of 2.0 due to a higher dissolution caused by the higher alkalinity to f. Thus Al 
availability significantly affects the Al incorporation in the C-A-S-H gel formation. With 
higher amount of silicates and lowered alkalinity at an Ms of 2.0, of the amount of 
hydrotalcite formed is low, hence the octahedral aluminum is mostly from the carbo-
aluminate phases.   
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7.3.1.3 23Na NMR Spectra of Activated Slag Binders  
The Na ion acts as a charge balancer to the Al ion in the substitution of the Si atom in the 
Si tetrahedral structures. However, not all the alkalis are absorbed in the aluminosilicate 
gel structure. The alkalis not absorbed in the structure end up forming different zeolit ic 
phases. These zeolites are highly crystalline in nature and may also leach out of the system 
if not bound. And hence it is important to identify the different types of Na present in the 
specimen. The stability and the hydration state of the alkalis can be indicated by 23Na MAS 
NMR spectroscopy.  
 
Figure 7.10: 23Na NMR spectra for slag proportioned using Ms (a) 1.0 and (b) 2.0  
Figure 7.10 shows the 23Na NMR spectra of alkali activated slag binders. With increase in 
curing time, increasing shift in the peak of the NMR spectra is noticed. This is attributed 
to the formation of non-hydrated sodium ions. The hydrated sodium ions are the free 
sodium ions, which on incorporation into the silicon tetrahedral, convert into a non-
hydrated sodium ion, which results in the rise in the peak height and a consequent 
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narrowing of the peak. From Figures 7.10(a) and (b), it can be noticed that the peak 
intensity and the width reduces with time. There is also a gradual shift in peaks of alkali 
activated slag binders of both Ms 1.0 and 2.0 with time, as the free alkali ions present in 
the matrix either acts as a charge balancer to aluminum to become the part of the silicon 
tetrahedral or results in the formation of zeolites.  With the alkali activated slag binder 
systems containing higher amounts of presence of calcium, the number of binding sites for 
alkalis is reduced. Also, the tendency is towards the formation of C-A-S-H gel as opposed 
to N-A-S-H because of the affinity of Ca to bind to the aluminosilicate structure. This also 
causes more formation of zeolites which might cause leaching in a hardened state. 
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7.3.2 NMR Spectroscopy of Activated Fly ash Binders 
7.3.2.1 29Si NMR Spectroscopy of Alkali activated Fly ash Binders 
The deconvolution of NMR spectra of alkali activated fly ash is significantly different from 
that of alkali activated slag. This is due to the presence of a large fraction of glassy silica 
phases in fly ash. The identification of the multiple silica species present in alkali activated 
fly ash is performed using multiple peaks of a constant width of 4.5 ppm on the 29Si MAS 
NMR spectra. The locations of the associated peaks are obtained from previous literature. 
A Gaussian deconvolution procedure is adopted to differentiate between the overlapping 
peaks in the 29Si MAS NMR spectra of the reacted pastes similar to the spectra obtained 
for slag [12]. Unlike slag based binders, there are no one or two silica species that can be 
categorized as raw fly ash, since it is an assortment of multiple Q4 species. The activated 
fly ash spectra also indicate the difference in the quantities for the same Q4 species. Hence 
a direct subtraction cannot be performed to evaluate the absolute changes between the raw 
and the reacted fly ash systems. However, this enables us to understand the difference in 
the aluminosilicate structures with respect to the composition and curing regime.  
Table 7.3: Q4 species distribution for alkali activated fly ash with different curing regimes 
 Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) 
Al rich 
phase 
Si rich 
phase 
FA 1.0_L 15.73% 23.36% 25.39% 19.79% 15.73% 39.09% 45.17% 
FA 1.0_M 10.63% 20.79% 20.07% 25.33% 23.18% 31.42% 45.40% 
FA 1.0_H 14.07% 23.58% 26.54% 24.32% 11.48% 37.65% 50.86% 
FA 2.0_L 7.43% 26.06% 32.31% 19.10% 15.09% 33.49% 51.42% 
FA 2.0_M 9.10% 23.10% 31.10% 20.40% 16.30% 32.20% 51.50% 
FA 2.0_H 9.88% 22.20% 26.22% 23.17% 18.54% 32.07% 49.39% 
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Figure 7.11: The Si NMR spectra of alkali activated fly ash proportioned using Ms (a) 1.0 
and (b) 2.0 with 60OC for 72 hours treatment 
Figure 7.11 indicates the distribution of the Qn sites for alkali activated fly ash binders. The 
Q4 species obtained from the deconvolution of NMR spectra are tabulated in Table 7.3. 
The sum of the proportions of Q4(4Al) and Q4(3Al) structures indicates the content of an 
Al rich phases while the sum of proportions of Q4(2Al) and Q4(1Al) indicates the Si rich 
phases. This quantification aids in an accurate understanding of the influence of treatment 
on the resultant formation of Al rich or Si rich structures in the binder. It can be noticed 
that, with all the treatment methods and the Ms values used, the resultant gel formed is 
dominant in Si species, as would be expected for such systems. For the binder made using 
an Ms of 1.0, the amount of Si rich gel increases when the curing regimen is intensif ied, 
(a) 
(b) 
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while for the system with an Ms of 2.0 the Si rich species contents remain rather the same. 
This can be attributed to the presence of larger amounts of soluble silicates in the system 
with a higher Ms, which allows for more silicates to be incorporated into the gel structure. 
The Al rich gel is higher for the binder with an Ms of 1.0 due to the higher alkalinity created 
by the presence of more sodium hydroxide. With the release of more Na, there is a 
subsequent availability of Al which leads to enhanced incorporation of Al in the Si 
tetrahedral structures.  However this still does not give a clear and direct insight into the 
aluminosilicate framework. The 27Al MAS NMR in conjunction with 29Si MAS NMR 
allows for certain quantifications which gives an estimate of the Si/Al ratios in bulk and in 
zeolite crystal structures. 
7.3.2.2 27Al MAS NMR Spectroscopy of Alkali activated Fly ash Binders 
 
Figure 7.12: 27Al NMR spectra for alkali activated fly ash proportioned using (a) Ms 1.0 
and (b) Ms 2.0 for different curing regimes 
The peak assignments for fly ash in the 27Al NMR spectroscopy are the same as that of slag 
with the peaks occurring between 60 to 70 ppm indicating the presence of tetrahedral 
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aluminum while that around 0 ppm indicates the octahedral aluminum. There are no 
calcium or magnesium ions released from fly ash, which results in the absence of 
hydrotalcite, which was a major product in case of alkali activated slag binders. Since the 
main hydration product of alkali activated fly ash is N-A-S-H gel, it relies heavily on the 
presence of alkalis to absorb aluminum. From Figures 7.12(a) and (b) it can be seen that 
there is weak peak obtained for octahedral aluminum. The peaks are not as high in intens ity 
as compared to the ones obtained alkali activated slag based binders. However since alkali 
activated fly ash the system is highly alkaline, it also leads to carbonation which aids in the 
formation of carbo-aluminates. These carbo-aluminate peaks are higher for the system with 
an Ms of 1.0, due to the higher presence of alkalis in the system. It can also be seen that the 
peaks observed for the binders treated at the lower temperature for a longer duration are 
much sharper. This can be attributed to the higher amount of energy effectively been 
provided to the specimen which results in the enhanced Al incorporation in the system. For 
both the Ms of 1.0 and 2.0, the treatment of 100OC @24 hours is not sufficient to make 
significant structural changes. The Si/Al ratio of the gel can be quantified from MAS NMR 
using Equation 7.3. The Si/Al ratio of the framework can be computed from the 29Si and 
the 27Al MAS NMR spectra from Equation 7.4.  
                   7.3 
 
(𝑆𝑖 𝐴𝑙)⁄
𝑛𝑚𝑟
=
[(𝑆𝑖 𝐴𝑙)⁄ 𝑛𝑚𝑟∗
(𝐼𝑇𝑒𝑡𝑟𝑎+𝐼𝑂𝑐𝑡𝑎 )]
(𝐼𝑇𝑒𝑡𝑟𝑎)
                          7.4 
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Table 7.4: Quantification of the Si/Al ratios and Al species distribution 
 (Si/Al)nmr Altetra Alocta (Si/Al)fr 
FA 1.0_L 1.96 0.80 0.20 2.66 
FA 1.0_M 2.35 0.82 0.18 3.17 
FA 1.0_H 1.95 0.76 0.24 2.38 
FA 2.0_L 2.09 0.79 0.21 2.76 
FA 2.0_M 2.12 0.76 0.24 2.68 
FA 2.0_H 2.20 0.87 0.13 2.53 
 
Table 7.4 shows the bulk Si/Al ratios, tetrahedral and octahedral aluminum fractions, and 
the Si/Al ratio of the framework can be noted. As previously stated, the presence of 
tetrahedral aluminum indicates that Al is incorporated in the gel structure. It is seen that 
the curing regime and Ms impacts this significantly. The highest amount of tetrahedral 
aluminum for the binder made using an Ms of 1.0 is obtained alkali activated fly ash for 
the one cured at a temperature of 80OC for 48 hours. Similarly, for the one made using an 
Ms of 2.0, it is for the one cured at 60OC @72 hours. This is also reflected in the Si/Al 
ratios obtained for the bulk gel. It can thus be deduced that for higher silicate content, a 
longer heating duration is required to facilitate higher polymerization in lowered amount 
of alkalis. However for a lower Ms of 1.0, the overheating may be detrimental due to the 
lack of soluble silicates which may lead to enhanced severing due to Al which may lead to 
the  de-polymerization of the structure [82].   
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7.3.2.3 23Na MAS NMR Spectroscopy of Alkali activated Fly ash Binders 
 
Figure 7.13: 23Na NMR spectra for fly ash proportioned using Ms (a) 1.0 and (b) 2.0  
Figure 7.13 shows a shift in the peak with a longer duration of heating as obtained from 
23Na MAS NMR spectra. The absence of calcium allows for the Na ions to be readily 
absorbed into the gel structure. This enhancement in absorption leads to formation of 
hydrated and non-hydrated Na structures. With prolonged treatment, the peaks become 
narrower. The peak obtained for the treatment of 100OC for 24 hours is broad due to the 
relatively lower amounts of zeolites in this case. Formation of zeolytic structures was 
facilitated due to presence of nucleation sites and loss of water. Since the duration of 24 
hours is too short for the sample curing, it does not allow for the formation of zeolites. 
However, with increase in time, there is a considerable narrowing of the peak. This can be 
attributed to the incorporation of the Al in association with the Na as well as the loss of 
water and formation of zeolites which is highly crystalline in structure. From Figure 7.13(b) 
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it can also be noted that the higher soluble silica content prevents the efficient zeolite 
formation as seen in alkali activated fly ash of Ms 1.0.  
7.4 Summary 
This chapter discussed the differences I the fundamental C-A-S-H and N-A-S-H structures 
for alkali activated slag and fly ash binders respectively. The changes within these 
structures with respect to silicon, aluminum and sodium ions elucidated the effect of time 
and temperature curing methods. It was also noted that the incorporation of aluminum 
depends heavily on the silicate content and the curing regime followed. The presence of 
hydrotalcite and carboaluminate in case of alkali activated slag, consumed a substantia l 
amount of aluminum ions in comparison to alkali activated fly ash which only allowed 
aluminum to exist in a tetrahedral state and feeble amounts in the form of carboaluminate.  
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8 FRACTURE AND CRACK RESISTANCE PROPERTIES OF ALKALI 
ACTIVATED SLAG 
8.1 General 
Detailed analysis of the results of notched three-point bend tests on alkali activated slag 
mortars are reported in this paper with a special emphasis on understanding the bulk 
behavior through the analysis of load-CMOD relationships and strain energy release rates, 
and the local behavior through strain localization at the tip of the crack. In the forthcoming 
sections, slag activated using potassium silicate solutions are used to explain the material 
responses, to keep the discussions succinct. A comparison of the fracture behavior of 
mortars activated using Na or K silicates are also provided. The alkali activated mixtures 
are represented in the graphs using the notation KL or NL which stands for Potassium or 
Sodium silicate liquids respectively, followed by the Ms values (1.0, 1.5, or 2.0).  
171 
 
8.2 Influence of Activator Ms on Flexural Strengths  
 
Figure 8.1: Flexural strength of K-silicate activated slag mortars at different values of 
activator Ms and its comparison to that of OPC, after 28 days of reaction. The error bars 
indicate one standard deviation in flexural strengths for 4 replicate samples.   
The influence of Ms on the flexural strength of K-silicate activated slag mortars is shown 
in Figure 8.1. The strength of companion OPC mortar is also shown here for comparison. 
The 28-day flexural strength generally increases with an increase in Ms and the mixture 
proportioned using an Ms of 2.0 shows the highest strength. When the Ms is increased (i.e., 
an increase in the SiO2 content), within limits, the calcium aluminosilicate (C-A-S-H) gel 
gains in silica content, with a consequent reduction in the Ca/Si ratio and an increase in the 
degree of gel polymerization. Recent NMR spectroscopy studies on alkali activated slags 
by the authors indicated an increase in mean silicate chain length (a measure of the degree 
of polymerization of the gel) with increase in Ms in the ranges mentioned in this study [91]. 
These effects have been reported to be responsible for better mechanical properties 
[124,125]. Beyond a certain Ms (typically 2.5) [4], excess silicates interfere with gel 
polymerization, and the strengths have been shown to reduce. Mercury intrus ion 
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porosimetry studies on these pastes have shown that the pore sizes and porosities are rather 
invariant with Ms [90] and thus the differences in strengths can be considered to be 
influenced primarily by the chemical nature of the reaction product. Figure 8.1 also shows 
that alkali activated slag mortars can be proportioned to attain mechanical properties that 
are similar to that of OPC mortars.  This also has been confirmed in several previous studies 
[4,93,126,127].  
8.3 Fracture Response of Alkali Activated Slag Systems 
8.3.1 Cyclic load – CMOD response 
The fracture response of alkali activated slag mortars is determined using closed loop cyclic 
tests. The representative load-CMOD responses are shown in Figure 8.2(a) for the K-
silicate activated slag mortars proportioned using different Ms values, as well as the OPC 
mortar. Multiple loading-unloading cycles were employed to obtain compliance-based 
fracture resistance (R) curves that are explained in the forthcoming section. It can be seen 
from Figure 8.2(a) that the peak load is the highest for the activated slag mortar 
proportioned using an Ms of 2.0, similar to the trends in flexural strength shown earlier. 
The average peak load for the OPC mortar lies in between those of the K-silicate activated 
mortars, but the slope of the first loading curve suggests an increased elastic modulus for 
the OPC-based system as compared to the activated mortars. From the viewpoint of the 
cyclic response, the K-silicate activated mortars proportioned using Ms values of 1.5 and 
2.0 demonstrate similar behavior, which is also in line with their flexural strengths. This 
indicates that, for the materials considered in this study, changing the Ms between 1.5 and 
2.0 does not result in significant changes in the properties of the matrix phase. Figure 8.2(b) 
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shows the residual load at a CMOD of 0.16 mm. The residual load is once again similar 
for activated mortars proportioned using Ms values of 1.5 and 2.0, and are the highest 
among the systems considered.  
 
Figure 8.2: (a) Representative load – CMOD curves, (b) residual loads at a CMOD of 
0.16 mm, for alkali activated slag mortars and its comparison to that of OPC, and (c) total 
fracture energy (GF) of the mixtures. The error bars correspond to one standard deviation 
in GF for four replicate samples.  
(a) 
(b) (c) 
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Figure 8.2(c) shows the fracture energy (GF) determined using Hillerborg’s work-of-
fracture method [128].  The fracture energy increases with an increase in Ms for the alkali 
activated slag mortars. Here also, the differences between the mixtures proportioned using 
Ms of 1.5 and 2.0 are negligible. It is observed that the OPC mortar has a significantly 
lower fracture energy than those of the alkali activated slag mortars, and the difference is 
much more prominent than that in the case of flexural strengths. This points to a 
fundamental difference in the fracture response of alkali activated slags as compared to 
OPC systems even though the flexural strengths are similar (especially between OPC 
mortars and alkali activated slag mortars of Ms of 1.5 and 2.0). This aspect is evaluated in 
detail in the forthcoming sections.  
8.3.2 Strain energy release rates  
The cyclic load-CMOD responses of the mortars can be used to obtain the strain energy 
release rates, which facilitates an understanding of the differences in crack propagation 
imparted by the matrices as a result of changes in Ms. The use of multiple loading and 
unloading curves helps obtain the resistance (R) curves [128–132]. The R-curves are 
extracted based on the assumption that stable crack propagation results in an increase in 
compliance. The contribution of both the elastic and inelastic components of the strain 
energies are accounted for in the calculation of the GR as shown in Equation 8.1 [133]. The 
elastic component of GR is computed using the unloading compliance, while the inelast ic 
CMOD is used to determine the inelastic component.  
𝐺𝑅 =  𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 +  𝐺𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =  
𝑃2
2𝑡
𝜕𝐶
𝜕𝑎
+
𝑃
2𝑡
𝜕(𝐶𝑀𝑂𝐷𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 )
𝜕𝑎
    8.1 
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Here, P is the applied load, C is the unloading compliance, t is the thickness of the specimen 
and a is the crack length. The unloading compliances and the inelastic CMOD values are 
obtained from the cyclic load-CMOD responses (Figure 8.2(a)). The crack extensions are 
obtained using each of the unloading compliances from the cyclic load – CMOD curves 
[128,130–132,134]. The unloading compliances and the inelastic CMOD are plotted as a 
function of crack extension (a), which on further differentiation yield the rate terms in 
Equation 1. GR facilitates a comparison of the fracture response of specimens proportioned 
differently; however, detailed localized information on the zone around the propagating 
crack needs to be extracted through other means as described later in this paper.  
 
Figure 8.3: Crack growth resistance with increasing crack extension for: (a) alkali 
activated slag mortars and (b) inelastic, elastic components with varying Ms 
Figure 8.3(a) shows the crack growth resistance curves for the alkali activated slag mortars 
along with that of the OPC mortar. The R-curves comprise of two regions: a zone where 
GR increases with crack extension, and the second where GR has plateaued. The latter zone 
signifies steady-state crack growth.  For the alkali activated mortars proportioned using 
(b) (a) 
176 
 
higher Ms values, GR is generally higher at smaller crack extension values. Furthermore, 
the maximum values of GR are higher for these mixtures. This points to the energy 
dissipating effect under the influence of crack driving forces in these systems as compared 
to the OPC mortar and alkali activated slag made using a lower Ms, which is also observed 
from the post-peak responses in Figure 8.2(a). The alkali activated slag mortar with a lower 
Ms (of 1.0) has a higher Ca/Si ratio and lower degrees of gel polymerization, which is 
similar to the reaction product in plain OPC systems whereas at a higher Ms, the Ca/Si 
ratios are reduced and the degree of silicate polymerization is higher [135]. These chemical 
and the associated physical changes in the reaction products result in behavioral differences 
between the high Ms alkali activated slag and OPC mortars. From viewpoint of strengths 
and crack resistance, it is therefore noted that a higher value of Ms (within limits, for 
reasons described earlier) is desirable. A higher Ms also limits the amount of Na2O in the 
mixture thereby reducing the propensity for leaching and potential later-age durability 
issues in these systems.  
The contributions of elastic and inelastic components to the maximum strain energy release 
rates (corresponding to the plateau regions in Figure 8.3(a)) are quantified in Figure 4(b). 
The elastic component can be considered to be the result of resistance to incremental crack 
growth, and thus can be related to the elastic properties of the material [130,136]. The lower 
the elastic component, the lesser is the resistance to the growth of the driving crack. The 
inelastic component relates to effects such as frictional loss and permanent deformation 
resulting from crack opening. Thus the elastic and inelastic components can be generally 
associated with the strain localization around the tip of the advancing crack. For all the 
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systems evaluated in this study, at the maximum strain energy release rates, the 
contribution of the inelastic component is higher than the elastic component; i.e., resistance 
is higher in the direction perpendicular to that of crack propagation as compared to that in 
the direction of crack propagation. The magnitude of the elastic component is generally 
less than half of the inelastic component. Figure 8.3(b) shows that the maximum values of 
the elastic and the inelastic components increase with an increase in Ms, similar to the 
overall strain energy release rate trends. In other words, more energy is spent on extending 
and opening the crack, as the activator Ms increases. The increase in the elastic component 
is more significant with increasing Ms. This is because the increased load-carrying capacity 
of the mixtures with higher Ms (Figure 8.2(a)) influences the strain energy release rates 
considerably since the load is a prominent parameter in Equation 8.1. For the OPC mortar, 
Figure 8.3(b) shows that the inelastic component of the strain energy release rate is the 
highest, and the elastic component is the lowest, i.e., the resistance to incremental crack 
growth is lowest. While the trends are the same for alkali activated mortars also, there is 
more resistance to incremental crack growth for the higher Ms systems. This is quantified 
in detail in the section on fracture process zone later in the paper.  
8.4 Crack Propagation and Strain Localization  
The previous sections provided a detailed understanding of the global response of the alkali 
activated mortars to fracture using fracture energies and the strain energy release rates. In 
this section, digital image correlation (DIC) is used to explore the localized response at the 
tip of the crack in these materials. The influence of material microstructure on the crack 
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propagation response is expected to be better explained through the fracture process zone 
(FPZ) which is the zone of strain localization at the tip of the advancing crack.  
As explained earlier, several time-and-CMOD stamped images were obtained during the 
test duration. The data acquisition and analysis procedure is concisely represented in Figure 
5. The horizontal (u) and vertical (v) displacement fields in the analysis region were 
computed by minimization of the correlation coefficient (C) using VIC-2D softwareTM. 
Figure 8.4(a) shows a representative horizontal displacement field corresponding to 60% 
of the peak load in the post-peak regime (CMOD of 0.1 mm in this case). Figure 8.4(b) 
shows the load-CMOD plot along with the determination of crack extension and CTOD 
from 3D displacement profiles corresponding to this load-CMOD combination. The crack 
extension is measured as the extent of displacement jump at x=0 mm. The Lagrangian 
strain field in the X-direction is obtained as shown in Equation 8.2, and corresponds to the 
crack opening direction.  
2 2
1
2
xx
u u v
x x x

      
      
       
    8.2 
The horizontal strain thus determined is used to quantify the inelastic region at the crack 
tip, which is shown in Figure 8.4(c). The length of the FPZ is also shown in this figure, 
which is considered to extend from the tip of the notch to a height where the localized strain 
drops to 20% of the maximum strain at the notch tip [137]. FPZ length is an important local 
fracture parameter since it determines the cohesive stress distribution in this zone. Figure 
8.4(d) denotes the strain profile at a location 3 mm above the tip of the notch (indicated by 
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a horizontal line in Figure 8.4(c)). The surface strain profile was fitted using a Gaussian 
normal distribution function as shown in Equation 8.3. In this equation, the standard 
deviation (), is the fitting parameter.  
       
2
1
21( , )
2
x
f x e 
 
 
  
          8.3 
The fit of Equation 3 to the experimental strain profile is also shown in Figure 8.4(d). Since 
95% of the values of the normal distribution function falls within ±2 of the mean value, 
the width of FPZ can safely be taken as 4, which has been adopted in our earlier 
publications [133,137,138]. 
 
Figure 8.4: (a) Displacement field in the area of interest indicating the 60% of the peak 
load (CMOD of 0.1 mm) in the post-peak regime, (b) Load-CMOD response with a 
representative horizontal displacement field shown as a 3D plot in the inset for 
CTOD
Δa
Position: x (mm)
Strain (%)
LFPZ
Horizontal Displacement (mm)
(a) 
(b) 
(c) 
(d) 
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illustration purposes, (c) Lagrangian strain (xx) field for the case shown in (b), and (d) 
experimental strain profile, 3 mm above notch and the fitted normal distribution curve to 
obtain the width of FPZ. The results shown here are for alkali activated slag mortar with 
an Ms of 2.0. 
 
 
 
 
 
8.4.1 Differences in FPZ characteristics between OPC and alkali activated slag systems 
close to peak load 
Alkali activated slag-based systems have been shown to provide comparable or better 
strength performance to that of OPC-based systems [69,139,140]. Even though the reaction 
product in both of these materials is a calcium silicate gel (with larger alumina 
incorporation and lower Ca/Si ratio for the alkali activated slags especially at higher Ms 
values), the crack propagation and strain localization responses are quite different as 
demonstrated here. Figure 6 shows the Lagrangian strain fields at 95% of the peak load in 
the post-peak regime for alkali activated slag (Ms of 2.0) and OPC mortars in order to 
elucidate the fundamental differences in the FPZ between these binder systems.   
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Figure 8.5: Lagrangian strain (xx) field at 95% post peak load for: (a) alkali activated 
slag mortar proportioned using an Ms of 2.0, and (b) OPC mortar. Note that the peak 
strains are different in both the cases and hence the color-coding cannot be compared 
between these figures. The location (0,0) corresponds to the tip of the notch. 
It can be noticed from Figure 6 that the spread of the zone of strain localization, or the FPZ, 
is much larger for the OPC mortar near their respective peak loads. However, for the alkali 
activated slag mortars, the strain is much higher in the localized zone (and the FPZ smaller) 
as compared to the OPC mortar. In quasi-brittle materials such as cementitious materials, 
strain energy release rate and fracture energy are related to the spread of FPZ because more 
energy is dissipated through increased microcracking [138] – a higher strain energy release 
rate being representative of a larger FPZ area. Here, higher GF and GR are seen to result in 
a smaller FPZ for the alkali activated slag mortars. One of the major reasons for such a 
behavior can likely be traced to the increased hardness of the C-A-S-H gel in alkali 
activated slag systems as compared to the traditional C-S-H in OPC systems (by about 50-
100%), extracted from nanoindentation measurements [141]. Even though the OPC mortar 
Position: x (mm)
Strain (%)
(a)
Position: x (mm)
Strain (%)
(b)
LFPZ LFPZ
0
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has a higher elastic modulus (~25 GPa compared to ~15 GPa for alkali activated slag 
mortars), it has a lower hardness. While elastic modulus is fundamentally related to atomic 
bonding and a property measured on the macroscale, measurements of hardness (defined 
as the work to deform a unit volume) gives an indication of the resistance to local 
deformation. The harder reaction product in alkali activated slags proportioned using 
higher Ms [141], attributed primarily to the enhanced polymerization of the products and 
the increased silica content, results in reduced crack extension at or close to the peak load 
as compared to the OPC mortar (Figures 8.3(a) and 8.5). The increased strain capacity of 
the alkali activated slag systems (the maximum strain in the FPZ is higher by ~35% for the 
alkali activated slag mortar – Figure 8.5) also explains the increased energy required for 
crack propagation and thus the reduced spread of FPZ. On the other hand, the higher 
maximum GR for alkali activated slag mortars of higher Ms as compared to that of OPC 
mortars, despite the slightly lower inelastic component (Figure 4(b)), can be attributed to: 
(i) their higher load carrying capacities – since the strain energy release rate, especially its 
elastic component, is a strong function of the peak load as noted from Equation 1, and (ii) 
the higher compliances of these systems (i.e., 1/E, determined from back-calculation of 
tensile constitutive relationships [138,142]are 0.04 and 0.065 MPa-1 for OPC and alkali 
activated slag of Ms 2.0). These results point to the fact that total strain energy release rate, 
which is a measure of overall or bulk fracture response of materials, do not necessarily 
reflect the localized crack propagation behavior especially when the fundamental binder 
chemistry as well as the load carrying capacities and stiffness of the systems are different. 
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The fundamental differences in crack elongation and opening for both these classes of 
binders are explained in detail in a forthcoming section.  
8.4.2 Influence of Ms on Strain Localization 
The influence of activation parameters, Ms in particular, on the strain energy release rates 
were described in an earlier section. Here, strain localization, i.e., the features of the FPZ, 
as a function of activator Ms for K-silicate activated mortars are examined. Figure 8.6 
shows the FPZs at a constant CMOD of 0.1 mm (note that this CMOD is well beyond the 
peak load, in order to allow the FPZs to develop fully) for the alkali activated slag mortars 
and the companion OPC mortar. The quantified values of FPZ lengths and widths at this 
CMOD are shown in Figure 8.7(a). It can easily be noted from Figures 8.6 and 8.7(a) that 
the FPZ lengths decrease with an increase in Ms whereas the variation in widths are 
minimal. The ranges of strains in the localized zone are also similar with varying Ms. The 
shrinking FPZ lengths with increasing Ms signify the localized response in the vicinity of 
the crack, attributed to the change in the energy dissipation processes associated with the 
reaction product with increasing silica content (increasing Ms)4.  
The FPZ width profiles, obtained at different heights above the notch, are numerica l ly 
integrated with respect to the height above the notch to quantify the areas of FPZ for all 
the samples. FPZ areas thus quantified for varying CMODs are shown in Figure 8.7(b) to 
enable an understanding of the evolution of FPZs as a function of Ms in alkali activated 
slag mortars and to contrast those against that of conventional OPC mortars. The OPC 
mortar shows the highest FPZ area at all CMODs, attributed to a longer and wider process 
zone. The FPZ areas decrease with increase in Ms due to the fact that the changes in reaction 
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product properties likely restricts the spread of the zone of microcracking. While the area 
of FPZ shrinks with increase in Ms, the strain energy release rates increase with increasing 
Ms, the reasons for which were explained earlier.  
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Figure 8.6: Fracture process zones at a constant CMOD of 0.1 mm for K-silicate 
activated slag mortars at Ms values of: (a) 1.0, (b) 1.5, (c) 2.0, and (d) OPC mortars. 
 
Figure 8.7: (a) Heights and widths of the FPZs at 0.1 mm CMOD, and (b) evolution of 
the FPZ area as a function of CMOD for K-silicate activated mortars and OPC. 
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8.4.3 Evolution of crack elongation and opening in OPC and alkali activated slag 
mortars 
Figures 8.6(c) and (d) can be directly compared to Figures 8.5(a) and (b) to understand the 
influence of FPZ development in alkali activated slag and OPC systems. At 95% of peak 
load in the post-peak region, which corresponds to a CMOD of ~0.04 mm, the FPZ is quite 
well-developed for the OPC mortar with a length of 34 mm (Figure 8.5(b)) while at a 
CMOD of 0.1 mm, the FPZ length is very similar, at 36 mm (Figure 8.6(d)). However, the 
FPZ widths increase in the post-peak zone because of crack opening, resulting in an 
increase in FPZ areas as shown in Figure 8.7(b). A comparison between the FPZs of alkali 
activated slags at both the CMODs reveal an increase in FPZ length from 16 mm to 22 mm 
(Figures 8.5(a) and 8.6(c)). In order to obtain a fundamental understanding of the relative 
magnitudes of crack extension and crack opening in these systems, the relationship 
between crack extension and critical crack tip opening displacement (CTOD) determined 
from DIC are shown in Figure 8.8(a) for the OPC and alkali activated slag mortar of Ms 
2.0. Also shown in Figure 8.8(b) are the inelastic components of strain energy release rate 
for these two mixtures at 95% of the peak load in the post-peak regime, and at a CMOD of 
0.1 mm. The latter cases correspond to the FPZs shown in Figures 8.5 and 8.7.  
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Figure 8.8: (a) The relationship between crack tip opening displacement (CTOD) and 
crack extension, and (b) inelastic components of strain energy release rates at 95% of the 
peak load in the post-peak regime and at 0.1 mm CMOD, for the alkali activated slag (Ms 
2.0) and OPC mortars.  
It can be easily noticed from Figure 8.8(a) that there is a significant increase in crack 
extension for the OPC mortar for small changes in CTOD until 95% of the peak load in the 
post-peak regime whereas for the alkali activated slag mortar, the crack extension is much 
lower at the same load level. This is qualitatively reflected in the FPZ lengths shown in 
Figures 8.5 and 8.7 (even though FPZ lengths cannot be directly linked to crack extension). 
In other words, the rate of change of CTOD with increase in crack extension is much higher 
for the alkali activated slag mortar in this range. This is reflected in the higher inelast ic 
strain energy release rate for the alkali activated system at this load level as compared to 
that of the OPC system, which is shown in Figure 8.8(b). The opening of the crack tip is 
predominantly responsible for the non-recoverable (inelastic) CMOD which translates into 
the inelastic strain energy release rate (see Equation 1). While the rate of CTOD change 
with crack extension remains relatively unchanged for the alkali activated slag mortar even 
(b)(a)
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after 0.95 Pmax, the rate significantly increases for OPC, and both the binder systems show 
similar CTOD values at a CMOD of 0.1 mm. This can also be noticed in Figure 8.8(b) 
where the inelastic GR increases substantially for the OPC mortar between 0.95Pmax  and a 
CMOD of 0.1 mm while the change is much smaller for the alkali activated slag mortar. 
As noticed from Figure 8.3(b), the total inelastic GR is similar for both the systems. We use 
the inelastic GR alone for comparisons here since the elastic component is highly dependent 
on the initial compliance values as mentioned earlier, which are highly different for these 
binder systems and thus do not ensure proper comparison. The inelastic component of 
crack growth resistance curves which is obtained using a contact method thus compliments 
the CTOD-a relationship obtained using a non-contact DIC method, to elucidate the 
fundamental differences in crack propagation mechanisms between these two systems.  
8.5 Comparison of the Effects of K and Na Silicates as Activators 
The foregoing sections reported results on the global and local fracture parameters for slag 
mortars activated using K-silicate. In this section, the fracture response of Na-silicate 
activated mortars are also briefly compared. The trends in, and the values of, strain energy 
release rates for the Na-silicate activated mortars were found to be similar to those of K-
silicate activates ones shown earlier in this paper. Figures 8.9(a)-(c) show the fracture 
process zones at a constant CMOD of 0.1 mm for Na-silicate activated slag mortars 
proportioned using the three Ms values. A visual comparison with Figures 8.6(a)-(c) 
indicates that the FPZ trends in a similar manner with Ms as was the case for K-silicate 
activated mortars, attributable to the same reasons as explained earlier. The lengths and 
widths of the FPZs are quantified in Figure 8.10(a), which shows that the FPZs are slightly 
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longer and wider when Na-silicate is used for activation of slag, which results in the FPZ 
areas being higher for the Na-silicate activated slag mortars as can be observed from a 
comparison of Figures 8.10(b) and 8.7(b). A comparison of these figures also show that, 
while beyond a CMOD of 0.10 mm, the FPZ does not grow for the K-silicate activated slag 
mortars, the FPZ continues to grow until a larger CMOD of about 0.15 mm for Na-silicate 
activated mortars. These differences in the strain localization parameters can be attributed 
to the expected changes in the reaction product constitution and the degree of silicate 
polymerization arising from the influence of the cations [12,123,135]. However, it can be 
safely stated that the general behavior is rather invariant with respect to the cationic type. 
Same explanations as provided earlier remain valid in the comparison between the FPZs 
of Na silicate activated slag mortars and those of OPC mortars.  
 
Figure 8.9: Fracture process zones at a constant CMOD of 0.1 mm for Na-silicate 
activated slag mortars at Ms values of: (a) 1.0, (b) 1.5, and (c) 2.0 
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Figure 8.10: (a) Comparison of the FPZ lengths and widths between K- and Na-silicate 
activated slag mortars, and (b) evolution of FPZ in Na-silicate activated slag mortars as a 
function of the CMOD.  
8.6 Summary 
This chapter provided detailed insights into the fracture response of alkali activated slag 
mortars vis-à-vis traditional OPC mortars. Potassium or sodium silicate solutions with 
three different SiO2-to-alkali oxide ratios (Ms) were used as the activators and the fracture 
response of the systems were evaluated using cyclic load-CMOD tests. The flexura l 
strengths and fracture energies were observed to increase with increasing activator Ms, 
attributable to the reduction in Ca/Si ratio of the C-A-S-H gel and an increase in gel 
polymerization. The strain energy release rates (GR) also increased with increasing Ms, 
with both the elastic and inelastic components showing an enhancement with Ms. The OPC 
mortar was found to have a lower total strain energy release rate than alkali activated slag 
mortars proportioned using Ms Values of 1.5 and 2.0. Among these systems, OPC mortar 
also demonstrated the lowest elastic strain energy release rate, implying that its resistance 
to crack extension is the lowest among the systems considered. However, the total strain 
(a) (b
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energy release rate is a strong function of the peak load and thus a bulk response; hence 
another parameter relating to the strain localization at the tip of the crack - fracture process 
zone (FPZ) – was employed.  
Digital image correlation (DIC) was used to explore the FPZs in alkali activated slag 
mortars and the companion OPC system. The FPZ length was observed to be much larger 
for the OPC mortar as compared to the activated slag mortars, even though the strain in the 
localized zone was much higher for the activated slag mortars. This was related to the 
nature of the reaction products in both these systems. Similarly, with an increasing Ms of 
alkali activated slag mortar, FPZ areas were found to reduce. However, the GR values were 
higher for the systems with a lower FPZ, attributed to the dependence of GR on peak load 
and compliance, both of which were higher for the alkali activated slag mortars. GR is a 
measure of the overall fracture response and do not necessarily reflect the localized crack 
propagation behavior. The relationship between crack tip opening displacement (CTOD) 
and crack extension (a) suggested a fundamentally different fracture behavior until peak 
load - significant crack extension for the OPC mortar, and crack opening for the alkali 
activated slag mortar. Beyond the peak, while the rate of change of CTOD remained 
invariant for the alkali activated slag mortar, it rose rapidly for the OPC mortar, which is 
reflected in the inelastic strain energy rates becoming quite similar at a very large CMOD 
for both these systems. The inelastic GR obtained using the contact method was found to 
complement the CTOD-a relationship obtained from DIC method, and helps develop a 
fundamental understanding of the crack propagation mechanisms.  
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9 TRANSPORT PROPERTIES AND CHLORIDE BINDING OF ALKALI 
ACTIVATED SLAG 
9.1 General 
Alkali activated slag binders have exhibited enhanced durability properties pertaining to 
chloride ion diffusion, resistance to sulfate attack and heat resistance. Multiple chloride 
transport studies have been conducted on alkali activated slag concretes. However, to 
fundamentally understand the paste behavior, mortar samples were prepared. Major 
hydration products formed after the alkaline activation of slag with sodium silicates and 
hydroxides leads to the formation of C-A-S-H gel and hydrotalcite. The presence of 
hydrotalcite depends on the composition of slag and the activator concentration. Previous 
literature has indicated that hydrotalcite facilitates chloride binding by formation of 
Friedel’s salts. 
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9.2 Hydrotalcite formation 
 
Figure 9.1: XRD spectra of pure hydrotalcite with its major peaks at 11.5o and 24o 
Hydrotalcite is a layered double hydroxide of general formula Mg6Al2CO3(OH)16.4H2O. It 
can only precipitate in slag binders which has a reasonable magnesium content. During 
alkali activation of slag, the alkalis allow for the dissolution of ions such as aluminum and 
calcium, sodium, potassium etc. The release of sufficient amounts of aluminum facilita tes 
the formation of hydrotalcite. The carbonate anions that lie between the structural layers 
are weakly bound, so hydrotalcite has anion exchange capabilities. These capabilities are 
beneficial when exposed to chloride ions. On contact with chloride ions, the hydrotalc ite 
phases transform into Friedel’s salts which is also an ion exchanger mineral belonging to 
the family of layered double hydroxides. It has high affinity for ions such as chloride and 
iodide and is capable to retain them to a certain extent in its crystallographic structure. 
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9.3 Investigation of hydrotalcite presence 
9.3.1 Thermogravimetric analysis of alkali activated slag binders 
 
Figure 9.2: Thermogravimetric and DTG plots indicating the decomposition of alkali 
activated slag binders with varying Ms of 1.0 to 2.0 
It is known from previous literature that the decomposition of hydrotalcite occurs between 
380 to 400oC [12]. The peak between 105oC to 200oC is associated with the non-evaporable 
water from the hydrate component of the C-A-S-H gel. It can be seen in Figure 9.2 that the 
highest amount of hydrotalcite peak is obtained for the alkali activated slag binder of Ms 
1.0, while no peak is obtained for the binder with Ms 2.0. This behavior can be attributed 
to the activator composition where the lower Ms has higher amounts of added sodium 
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hydroxide as opposed to the sample with a higher Ms. With a higher presence of alkalis, 
more aluminum ions are released into the activating media. Higher Al incorporation takes 
place in the C-A-S-H gel structure and is given preference over the formation of 
hydrotalcite [119]. As the Ms increases the amount of silicates increases which incorporates 
more alumina into the Si tetrahedral structures. Also due to the absence of ample sodium 
hydroxide in the mix, relatively less dissolution occurs allowing even reduced amount of 
Al ions to be released in the activating media.  
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9.3.2 X-Ray Diffraction test of alkali activated slag powders 
 
Figure 9.3: X-Ray Diffraction of powdered alkali activated slag samples with varying Ms. 
The abbreviations indicated are as follows: Hydrotalcite, AK: Akermanite, CASH: 
calcium silicate hydrate (with Al incorporation) 
The hydrotalcite phases can also be identified using X-ray diffraction due to its layered 
double hydroxide crystalline structure. There is also formation of other crystalline phases 
which are also evident in Figure 9.3 such as C-A-S-H and akermanite. The peak 
corresponding to hydrotalcite diminishes at a higher Ms. Also the width of the C-A-S-H 
gel peak is broader for a higher Ms indicating relatively less crystalline structure obtained. 
Other phases such as Akermanite also indicate a decrease in peak with an increasing Ms.  
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9.4 Effect of Ms on Chloride Binding 
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Figure 9.4: X-ray diffraction of alkali activated slag binder exposed to 0%, 10% and 20% 
chloride solutions with a varying Ms of (a)1.0, (b) 1.5 and (c) 2.0 
The alkali activated slag samples were stored in a solution of known chloride concentration 
for 56 days and on the day of testing they were surface dried and powdered for XRD. From 
Figure 9.4 it can be noted that there is no significant difference observed with the changing 
of the chloride content. Since alkali activated slag binder of Ms 1.5 and 2.0 indicate 
negligible to no hydrotalcite phase, it was hard to characterize the formation of Friedel’s 
salts. Friedel’s salts have the similar range of peaks as hydrotalcite and hence has been 
difficult to identify due to low chloride ion diffusion. Hence a high resolution scan of 1 
Ms 2.0
HT
0% Cl
10% Cl
20% Cl
2θ
(c) 
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hour on a window of 7o was performed for alkali activated slag sample of Ms 1.0 which 
was immersed in a chloride solution of 0% and 20% concentration.   
 
 
Figure 9.5: XRD spectra of hydrotalcite peak with (a) low resolution and (b) high 
resolution 
Figure 9.5(a) indicates that the transformation of hydrotalcite to Friedel’s salts cannot be 
distinctly identified due to the low signal-to-noise ratio. However due to the close 
proximity of the two peaks coupled with a shorter duration for exposure to chloride ion 
solution, the peak corresponding to the Friedel’s salts is not clearly evident. However, from 
Figure 9.5(b) the spectrum obtained yields a high resolution scan of a high signal-to-no ise 
ratio to clearly distinct between the hydrotalcite and the Friedel’s salt phase. Prolonged 
exposure to chloride solution enhances the peak height to distinctly identify the 
transformation even with low resolution scans.  
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9.5 Transport property characterization of alkali activated slag 
The transport properties of the binder predominantly rely on the pore structure and the pore 
solution conductivity of the binder. The following section looks at the pore structure 
characteristics and well as the pore solution concentrations indicative of its transport 
properties.  
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9.5.1 Porosity and Pore structure characterization 
 
Figure 9.6: (a) Cumulative pore volume, differential pore size and (b) porosity of alkali 
activated slag binders with varying Ms from 1.0 to 2.0 
From Figure 9.6(a) it can be noted that there is not a significant difference in the critical 
pore size of the alkali activated slag binders with varying Ms 1.0 to 2.0. The peaks of the 
differential pore size lie in the similar range and a lie within 0.004 to 0.0055 μm. This 
indicates that there is not a significant difference in the pore size distribution of the binder. 
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However, there is a difference in the cumulative pore volume which is used to quantify the 
porosity as seen in Figure 9.6(b). The porosity of alkali activated slag binder paste of Ms 
1.0, 1.5 and 2.0 yield 18.4%, 20.5% and 22.4% porosity respectively.  
9.5.2 ICP-OES Analysis 
Table 9.1: ICP analysis of solution containing leached ions from alkali activated slag 
specimens of Ms 1.0 and 2.0 
  units Al Ca K Mg Na Si Fe S 
Slag Ms 1.0 mg/L  3.490 0.00  57.23 0.00 620.20  29.34 0.00 123.00 
Slag Ms 2.0 mg/L  3.041 0.00  47.05 0.00 614.00  24.59 0.01 172.20 
From Table 9.1, the ionic concentration of the alkali ions present in the solution indicate a 
higher concentration of Na+ and K+ ions for alkali activated slag with an Ms 1.0. The ionic 
concentration of other ions is zero since they were below the detection limit of the 
instrument which is 0.001mg/L. The ions present in the pore solution are more easily 
leached into the deionized water if the pore structure facilitates an ease in movement of 
ions. It can also be noted that the ionic concentration of Si+ ions is higher for alkali activated 
slag paste of Ms 1.0 as opposed to that of Ms 2.0. This could also be attributable to the 
enhanced polymerization observed for alkali activated slag of Ms 2.0. 
 
204 
 
9.5.3 NSSM of alkali activated slag mortars 
 
Figure 9.7: (a) current profiles in mA and (b) cumulative charge passed in coulombs for 
alkali activated slag mortar binder of Ms 1.0 and 2.0 
The non-steady state migration test allows for the evaluation of the current profiles and 
cumulative charge passed from the alkali activated slag binders. Figure 9.7(a) indicates a 
higher current profile for Ms 2.0. This is also reflected in the higher cumulative charge 
passed for Ms 1.5 as indicated in Figure 9.7(b). It is observed from the ICP data that the 
pore solution ion concentration is higher for Ms 1.0 which linearly relates to the pore 
solution conductivity. However the pore structure characteristics elucidate that a lower 
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porosity is obtained for alkali activated slag sample of Ms 1.0. Hence there is a masking of 
the effect of pore solution conductivity due to the dominance of the lower porosity obtained 
for the alkali activated sample of Ms 1.0. 
9.6 Summary 
This chapter evaluates the chloride ion transport and binding properties of alkali activated 
slag binders. The alkali activated slag binder with a lower Ms indicated a lower amount of 
current passed due to a lower porosity of the microstructure. This was despite possessing a 
higher pore solution conductivity for the alkali activated slag binders of a lower Ms which 
can be attributed to masking its effect by the effect of pore structure. The chloride binding 
nature of alkali activated slag is also evaluated. It was noted that the binding is primarily 
achieved by an ion exchange process facilitated by the layered double hydroxide structures 
such as hydrotalcite.   
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10 DEVELOPMENT OF NOVEL BINDERS VIA NEUTRAL ACTIVATION 
10.1 General 
Alkaline activation of fly ash requires the use of highly alkaline activators including alkali 
silicates and/or hydroxides [11,83,143,144], thereby posing issues with storage and 
handling. Such issues limit the sustainability-related benefits offered by these systems. 
Studies have attempted to alleviate some of the concerns associated with alkali activated 
systems through the use of powder activators, with limited success [33,91,145].  
The use of neutral salts such as sulfates and carbonates of sodium and potassium as 
activators of fly ash in high volume fly ash-based concretes is a potential option for 
sustainable concretes [26,28,40]. Rather than relying on caustic alkalis to create a binder 
with fly ash as the sole source material, this approach adopts a combination of high volumes 
of fly ash along with OPC and the neutral salt. This study investigates the influence of 
alkali sulfate addition to high volume fly ash-OPC blends from the viewpoints of reaction 
kinetics, reaction product formation and chemistry, and the resultant properties. Emphasis 
is given to the understanding of the influence of calcium in these systems using by using 
both Class F and C fly ashes as starting materials. 
10.2 Mixture Proportioning 
The mass replacement level of OPC by fly ash was 70% (corresponding to replacement 
levels of ~75% by volume). The activating agent used was reagent grade sodium sulfate 
powder. The activator was proportioned by mass of the binder, at 3% or 5%.  A water-to-
powder ratio (w/p) in the range of 0.35 to 0.45 (mass-based) demonstrated suffic ient 
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workability for both the OPC-fly ash (Class C and F) binder systems, and hence a value of 
0.40 is used in this study. For the compressive strength tests, mortars were prepared with a 
sand volume fraction of 50%. The mortars were stored in the molds at 231oC for 24 hours 
after which they were removed and stored in a moist chamber (231oC, >98% RH) until 
the respective testing durations. The paste specimens for characterization studies were 
stored in sealed conditions until the age of testing.  
10.3 Early age reaction kinetics and setting times of the activated pastes 
 
Figure 10.1: Heat evolution of: (a) CFA-OPC, and (b) FFA-OPC blends (70% 
replacement of OPC with fly ash) with 0, 3 and 5% added sodium sulfates, during the 
first 30 hours of reaction. 
Figure 10.1 indicates the heat flow response of OPC, CFA-OPC and FFA-OPC blends with 
and without added sodium sulfate as the activator. In the figure legends, the letters C or F 
indicates whether a Class C or Class F fly ash is used, the number 7 indicates that 70% of 
OPC (by mass) is replaced with fly ash, and the numbers 0, 3, or 5 indicate the percentage 
of sodium sulfate by mass of the binder. It can be noticed from Figure 10-1(a) that the 
acceleration phase of CFA-OPC blends (~5-18 hours, depending on sulfate addition) 
(b) (a) 
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occurs later than that in OPC hydration (~2-8 hours), primarily due to the dilution effect. 
This is clearly seen in the initial part of the acceleration curve corresponding to the C 3S 
hydration where the blend without the added sulfates demonstrates a peak heat flow that is 
directly in line with dilution. When sulfates are added, there is a slight enhancement in the 
C3S reaction. The CFA-OPC blend without sulfate addition has a sharper and lower C3A 
hydration peak which denotes the formation of the mono-sulfate phase. The replacement 
of OPC by CFA does not deplete the amounts of SO3 present (since both OPC and CFA 
have approximately the same amount of SO3 as shown in Table 1), and thus the peaks 
corresponding to mono-sulfate have the same intensity, albeit a delayed appearance for the 
CFA-OPC blend. Addition of 3-to-5% sodium sulfate enhances the heat flow with the 
peaks occurring early and with a higher intensity as compared to the samples without 
external sulfate addition. In a high calcium environment, the addition of external sulfate 
results in the formation of ettringite [146,147]. The influence of alkalis from sodium sulfate 
can be noticed in the heat flow peaks. However, no significant difference in the heat flow 
response is observed when the amount of added sulfates is increased from 3% to 5%, which 
indicates that 3% of added sulfates (or even lower) is likely the optimal threshold [148]. It 
also needs to be noted that OPC is used in the blends rather than sulfate- free clinker; the 
use of the latter will alter the optimal sulfate limits.  
The OPC-FFA blend (Figure 1(b)) shows a heat release response that looks identical to that 
of OPC, except that the dilution effect is clearly identifiable owing to the lack of reactivity 
of FFA. Like CFA-OPC blends, the FFA-OPC blends also do not show a significant 
difference in the heat flow response between 3 and 5% added sulfates. The addition of 
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sulfates slightly advances the appearance of the acceleration peak, even though the peak 
intensity is only less than half of the plain OPC system.  
 
Figure 10.2: Cumulative heat released for: (a) CFA-OPC and (b) FFA-OPC blends in 
70/30 proportion with 0, 3 and 5% added sodium sulfates during the first 30 hours of 
reaction. 
The cumulative heat release curves shown in Figure 10.2 depict the reduction in total heat 
release in the first 30 hours of reaction for the OPC-CFA and OPC-FFA blends with and 
without sulfate addition, in comparison with the plain OPC paste. Both CFA-OPC and 
FFA-OPC blends are more reactive when sulfates are added externally, even though the 
total heat released is still much lower than that of the OPC paste.  The cumulative heat 
release of the FFA-OPC blend, both with and without sulfate addition are lower than those 
of the CFA-OPC blend, attributable to the lower Ca content in FFA.  
 
 
(a) (b) 
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Figure 10.3: Setting times of OPC, CFA-OPC and FFA-OPC blends with and without 
added alkali sulfate, determined using Vicat apparatus 
The influence of sulfate addition on the setting times of the blended pastes are shown in 
Figure 10.3. The OPC paste sets the fastest among all the blends, as expected.  Between 
the CFA-OPC and FFA-OPC blends, sulfate addition results in contrasting effects. For the 
CFA-OPC blend, the addition of 3% of sodium sulfate results in a retarding effect. In the 
presence of reactive calcium in CFA, and given the higher charge of the Ca2+ ion as 
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opposed to Na+ ion, calcium sulfate or gypsum is likely formed in the fresh paste. Gypsum 
is a set retarder, and this explains the delay in initial and final set by about 60 minutes. 
However, in the FFA-OPC blend without the activator, the dilution effect and the absence 
of calcium results in a much delayed initial and final set. However, on activation with 3% 
sulfates, the setting occurs much earlier. Here, the alkalinity facilitated by Na+ contributes 
to the dominance of the increased phase reactivity over any gypsum formation (which 
would be lower than that in the case of CFA-OPC blends due to lower Ca content in the 
FFA), leading to faster (relative to CFA-OPC blends) setting. For both the activated blends 
considered here, the setting times are within limits that are acceptable for typical concrete 
construction.  
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10.4 Strength and pore structure of high volume fly ash binders 
10.4.1 Compressive strength development 
 
Figure 10.4: Compressive strength development of: (a) OPC, CFA-OPC and FFA-OPC 
blends without activation, (b) CFA-OPC blends and (c) FFA-OPC blends with 0, 3 and 
5% added sodium sulfate 
Figure 10.4 summarizes the strength development over a period of 28 days for the OPC, 
CFA-OPC and FFA-OPC blend mortars with 0, 3 and 5% externally added sodium sulfate. 
(a) 
(c) (b) 
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In Figure 10.4(a), the strengths of both the OPC-fly ash blend mortars (without activation) 
are compared to that of the OPC mortars. The strength development of these blended 
binders present a vivid picture of the effect of dilution. The presence of higher amounts of 
Ca in CFA results in increased amounts of reaction products and thus higher strengths for 
the CFA-OPC blend as compared to FFA-OPC blend. For the CFA-OPC blends, Figure 
10.4(b) shows that the addition of external sulfates results in a significant increase in early 
age strength of the mortars. However, by 14 days, the strength of the activated blends 
plateau whereas the un-activated CFA-OPC blend continues to gain strength because of 
the pozzolanic/cementitious activity of the CFA. The initial strength increase can be 
attributed to the formation of higher amounts of CFA activation product facilitated by the 
higher alkalinity, along with the formation of excess amounts of gypsum that aids in the 
formation of ettringite, and thus fills the pores. It is known that low sulfate-to-aluminate 
ratios lead to the conversion of ettringite to AFm (mono-sulfate) phase, and a high ratio 
hinders this conversion [149,150]. The presence of large quantities of ettringite is not 
beneficial since it can potentially result in volume change-related durability issues. This 
could also result in a slight strength reduction in these mixtures at later ages. It is known 
that an optimal sulfate concentration is important for strength development [147,151]. A 
high sulfate content (i.e., 5% sulfates as shown here) likely causes the incorporation of 
sulfate ions in the C-S-H gel which lowers its intrinsic strength. The weaker C-S-H gel, 
along with the formation of ettringite- induced micro-cracks negatively impacts the strength 
of these mixtures.  
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Figure 10.4(c) depicts the compressive strength development of FFA-OPC blends, which 
indicate a lower early age strength gain as compared to the activated CFA-OPC blends. 
However, the influence of sulfate activation is much more pronounced in FFA-OPC blends 
in two aspects: (i) the 28 day strengths are comparable to the activated CFA-OPC blends 
even though the rate of early-age strength gain is much slower, and (ii) there is no strength 
plateauing/reduction as was the case for the CFA-OPC blends since the pozzolanic reaction 
continues beyond this time. The absence of strength reduction can be attributed to reduced 
amounts of ettringite formation in this system. A minimal influence is only observed in the 
compressive strengths also when the externally added sulfate content is increased from 3% 
to 5% by mass of the binder. This is similar to the isothermal calorimetric response 
described earlier, for similar reasons. The compressive strength response of the alkali 
sulfate activated FFA-OPC binders shown in this section provide evidence as to the 
potential for the synthesis of high volume Class F fly ash binders using neutral pH 
activators.  
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10.4.2 Pore volume and sizes 
 
Figure 10.5: (a) Total pore volume segmented into different size range for the 28-day 
hydrated OPC, CFA-OPC and FFA-OPC blended pastes with and without sulfate 
activation 
Mercury intrusion porosimetry (MIP) was used to determine the pore volume and its size 
distribution of the blends. MIP is a reliable test method to determine the pore volume 
fraction in cementitious systems but has limitations when it comes to the size distribution 
of the pores due to the well-reported ink bottle effect [152,153]. However, pore sizes 
determined using MIP can be employed as a useful comparative tool as mentioned in 
several publications [154–157]. Figure 5 shows the total pore volume of the OPC and the 
blended pastes after 28 days of hydration, along with a segmentation of the total pore 
volume into three size ranges according to IUPAC recommendations [158]: 0.0036-to-0.05 
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μm, 0.05-to-0.2 μm, and >0.2 μm. The IUPAC classification denotes the smallest pore size 
group as having a size range of 0.002-to-0.05 μm, but due to the detection limit of 0.0036 
μm for the MIP instrument, it is defined as 0.0036-to-0.05 μm in this study. The pores in 
the larger size range are those attributed to the spaces between the reaction products, which 
detrimentally affects the strength of the binder. The smaller sized pores (0.0036-to-0.05 
μm) represent the pores in the reaction product in the binder systems [159,160]. Thus an 
increase in the volume fraction of pores of this size can be considered to denote an increase 
in reaction product formation.  
From Figure 10.5, it can be seen that the cumulative pore volume intruded is the least for 
the OPC paste. The overall pore volume in the CFA-OPC blends (both activated and non-
activated) after 28 days of hydration are lower than those in FFA-OPC blends, which is 
generally in line with their compressive strengths. However, there are notable differences 
in the pore volumes between these systems. With increase in the dosage of the activating 
agent, the overall pore volume of the CFA-OPC blends are found to increase. The 
enhancement in reaction as a result of addition of sulfates is noticed in the volume of the 
gel pores (0.0036-to-0.05 μm range), but the volume of larger pores also increases, 
plausibly due to the volume changes and cracking because of the presence of large amounts 
of ettringite. For the non-activated FFA-OPC blend, a large proportion of the pore volume 
is attributed to pores in the 0.05-to-2 μm size range, and the fraction of gel pores is very 
limited. This is expected since the OPC content in the mixture is low, and the Class F fly 
ash has negligible amounts of Ca to produce cementitious reaction products. Moreover, 28 
days is rather early for the pozzolanic reaction to have substantially contributed to 
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microstructure densification. However, with the addition of sulfates, the proportion of 
pores in the 0.0036-to-0.05 μm size range significantly increases, suggesting the formation 
of increased amounts of reaction products, aided by the activator. Consequently, the 
volume of larger pores also reduces. The overall pore volumes and the segmentation of 
pores into different size ranges determined using MIP helps rationalize the strength 
behavior reported in the previous section.  
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10.5 Identification and Quantification of Reaction Products 
The reaction products in the alkali sulfate activated OPC-fly ash blends are evaluated using 
several techniques. X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy 
(FTIR) are used to identify the reaction products, and thermal analysis and Nuclear 
Magnetic Resonance (NMR) spectroscopy are used for their quantification.  
10.5.1 X-ray Diffraction 
XRD is a useful tool to identify the different crystalline phases present in the material. 
Figure 6 shows the XRD spectra for all the blends (both non-activated and activated) after 
28 days of hydration. Quartz, ettringite, gypsum, portlandite, calcite, CSH, mullite, and 
sodium sulfate are the crystalline species identified in these samples.  
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Figure 10.6: XRD spectra of CFA-OPC and FFA-OPC blends with 0 and 3% added 
sodium sulfate at 28 days (G – CaSO4, E - Ettringite, P - CH, Q - SiO2, C - Calcite, N – 
(N,C)-A-S-H, J - Na2SO4, A - C3S, M – Mullite) 
The halo between 25-35o in the XRD spectra in Figure 10.6 can be attributed to the 
amorphous reaction product gel [123,161,162]. The alkaline activation of aluminosilica tes 
produces C-A-S-H gel in the presence of excess calcium [22], and N-A-S-H gel in its 
absence (or when minimal amounts are only present)  [40], both of which are X-ray 
amorphous. The presence of silica in the glassy phases of both class C and F fly ashes are 
reflected in the quartz peaks in both the pastes. When sodium sulfate is added to the CFA-
OPC blend, the amount of CH (portlandite) decreases and the amount of ettringite 
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increases. The reduction in CH content is also confirmed by the thermogravimetric analysis 
results in a forthcoming section. For the FFA-OPC blend also, increasing the alkali sulfate 
content results in a reduction in the portlandite content. The ettringite peaks are stronger in 
the sulfate activated Class C fly ash pastes. The (N,C)-A-S-H peaks are more intense when 
sulfates are added to the CFA-OPC blend. In the case of the FFA-OPC blend, a similar but 
weaker trend is observed. The presence of small amounts of calcite observed could be from 
the OPC used or minimal carbonation of the pastes when exposed to the environment.  
 
 
 
 
221 
 
10.5.2 Fourier Transform Infrared Spectroscopy  
 
Figure 10.7: FTIR spectra of: (a) CFA-OPC blend after 1 day of reaction; (b)  FFA-OPC 
blend after 1 day of reaction; (c)  CFA-OPC blend after 28 days of reaction; and (d) FFA-
OPC blend after 28 days of reaction 
Figure 10.7 shows the FTIR spectra for both CFA-OPC and FFA-OPC blends activated 
using  3% and 5% sulfates after  1 and 28 days of reaction. FTIR spectra provides an 
indication of the degree of polymerization of the reaction products. Molecular bonds, on 
vibration, yield narrow peaks if the structure is highly crystalline, and wider peaks if the 
structure is less crystalline or amorphous. The S-O symmetric stretching and Si-O-T (where 
T = Si or Al) asymmetric stretching  bond peaks are indicative of the presence of ettringite 
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and polymerized silica in the reaction product respectively. The peaks corresponding to the 
vibration of the S-O symmetric stretching bond lie in the wavenumber range of 1090-to-
1100 cm-1 while those of the silica polymerization lie in the range of 940-to-1100 cm-1 and 
vary in width, intensity and shift of the peak according to the degree of polymeriza t ion 
[163,164].  
Figures 10.7(a) and (c) indicate the presense of ettringite in the CFA-OPC blend where the 
S-O bond vibration is observed to increase in intensity when sodium sulfate is added. At 
later ages (28 days), the peak reduces in intensity and shifts to lower wavenumbers. 
However the peaks are dintinct and sharp even at 28 days indicating the presence of 
ettringite in such systems even at a later age. This was postulated as the reason for the 
CFA-OPC blends modified with sulfates not showing higher strengths at later ages. A 
higher degree of silica polymerization  as a function of time, indicated by the  increase in 
Si-O-T wavenumbers can be observed for the CFA-OPC blend. From Figures 10.7(b) and 
(d), which show the early- and later-age spectra of the FFA-OPC blend, it can be noticed 
that the ettringite peaks are much weaker as compared to that of the CFA-OPC blend. The 
early age silica peaks for the FFA-OPC blends are broader, indicating reduced silica 
polymerization as compared to the CFA-OPC blend, attributable to the lower amounts of 
calcium in the FFA-OPC blend which results in a less ordered product. At a later age, the 
onset of pozzolanic reaction results in a reaction product of FFA-based blend that shows a 
similar degree of silica polymerization as compared to that of the system containing a high 
calcium fly ash.  
223 
 
10.5.3 Thermal analysis for phase quantification 
 
Figure 10.8: TG and DTG curves of: (a) CFA-OPC and (b) FFA-OPC blend pastes (70% 
OPC replacement) after 28 days of hydration 
Figure 10.8 shows the TGA/DTG plots of the CFA-OPC and FFA-OPC pastes after 28 
days of hydration. The initial peak in the temperature range of 100oC-to-150oC is 
attributable to the decomposition of the major reaction products. It is known that a starting 
composition with a higher C/S ratio will yield C-A-S-H gel, whereas a lower C/S ratio 
combined with a high S/A ratio, aided by an alkaline medium (typically, pH > 12) will 
yield (N,C)-A-S-H gel [55,123]. Hence it can be considered that the major reaction product 
of CFA-OPC and FFA-OPC blends are C-A-S-H and (N,C)-A-S-H gels respectively 
(confirmation provided using NMR spectra later). With an increase in sulfate content 
(through the addition of sodium sulfate, which increases the alkalinity also), more Al is 
likely to be incorporated in the reaction product. In the absence of added sulfates (and thus 
in a system devoid of added alkalis), C-S-H gel with a lower C/S ratio will be formed if 
the fly ash contains higher amounts of reactive silica.  
(b) 
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When the CFA-OPC and FFA-OPC blends are compared, there is a distinct difference in 
the mass loss in the 100oC-to-150oC range. The higher mass loss for the CFA-OPC blend 
in this region is indicative of the higher amounts of reaction products in these systems (both 
unactivated and activated), as explained earlier. Also note that the higher mass loss for the 
CFA-OPC blends can also be a consequence of the increased amounts of ettringite present 
in these mixtures since ettringite also decomposes in this temperature range [165]. For the 
CFA-OPC blends, a carbonate decomposition peak is prominently observed in the 750oC-
to-950oC range, while this decomposition is less conspicuous for the FFA-OPC blend. This 
is likely a result of increased carbonation potential of C-(A)-S-H gel as compared to (N,C)-
A-S-H gel.  
The dehydroxylation of CH in the 400oC-to-450oC range is quantified in Figure 10.9 as a 
function of the age of the sample for both the non-activated and activated CFA-OPC and 
FFA-OPC blends. The CH contents beyond 3 days are lower in the sulfate activated CFA-
OPC and FFA-OPC blends as compared to the non-activated binder which shows that 
calcium is utilized towards the formation of the primary reaction products and/or other Ca 
bearing components such as ettringite or gypsum.  
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Figure 10.9: Quantification of CH content for: (a) CFA-OPC and (b) FFA-OPC blends as 
a function of reaction duration 
The utilization of Ca to form the major hydration products results in lower amounts of CH 
in the CFA-OPC blends. While a consistent increase in the amount of CH is observed for 
the CFA-OPC blends with time irrespective of the sulfate content, the CH contents in FFA-
OPC blends decrease after a period of 14 days owing to the initiation of the pozzolanic 
reaction. For both the blends, at 28 days, there is no difference in the CH contents 
irrespective of whether the system is activated using 3% or 5% sulfates. This once again 
shows that the limiting amount of alkali sulfates for activation can be 3% or less. However, 
this also depends on the initial sulfate content of the OPC and the amount of OPC in the 
activated pastes.  
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10.5.4 NMR spectroscopy of FFA-OPC blends 
 
Figure 10.10: 29Si MAS NMR spectra of (a) unhydrated and hydrated OPC, unreacted fly 
ash and the FFA-OPC blends with and without sulfate activation, (b) deconvoluted NMR 
spectra for the non-activated FFA-OPC blend, and (c) deconvoluted NMR spectra for the 
FFA-OPC blend activated with 3% sulfates, after 28 days of hydration 
In this section, the results of 29Si NMR spectroscopic studies on non-activated and 3% 
sodium sulfate activated FFA-OPC pastes after 28 days of hydration are reported so as to 
fundamentally understand the reaction product constitution. NMR spectroscopy coupled 
with spectral deconvolution provides quantification of the Qn(mAl) species that helps better 
explain the influence of alkalis and sulfates on the formation of reaction products in such 
complex systems. CFA-OPC blends yielded low signal-to-noise ratios because of the 
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presence of a non-trivial amount of iron in CFA that interferes with the NMR signals, and 
thus are not discussed here.  The hydration of OPC results in the formation of Q0 to Q2 
structures (in the -70 to -90 ppm chemical shift range) as can be seen in Figure 10(a) that 
are representative of the silica species in the C-S-H gel. The NMR spectrum of unreacted 
fly ash shows several peaks and a broad range of silica species in the chemical shift range 
from -80 to -120 ppm, attributable to its glassy phases.  
The NMR spectrum of the non-activated FFA-OPC blend shown in Figure 10.10(a) can be 
considered as a combination of the spectrum of the hydrated OPC and unactivated fly ash, 
with two prominent peaks occurring between -82 to -88 ppm. With sulfate activation, these 
peaks are further enhanced. The NMR spectra of the activated blend shown here is 
fundamentally different from those obtained through sodium silicate/sodium hydroxide 
activation of FFA and subsequently heat cured to form N-A-S-H gel as the primary reaction 
product [122]. In the latter case, the reaction product is constituted of Q4(mAl) structural 
units, whereas for the systems studied in this paper, a variety of silica species from Q0 to 
Q4, spanning a chemical shift range of -80 to -120 ppm are obtained. This reinforces the 
idea that multiple hydration products, i.e., C-A-S-H and (N,C)-A-S-H, are formed in this 
case, with each peak chemical shift representing a particular variety of silica species from 
the different hydration products based on its structure. Table 10.1 summarizes the 
association of different Qn(mAl) species to various hydration products including C-S-H 
(pure OPC hydration), C-A-S-H (cement hydration in the presence of aluminate species), 
and N-A-S-H (alkaline activation of aluminosilicates) as reported in literature [123].   
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In an effort to determine the relative abundance of different silica species in the overall 
reaction product, a Gaussian spectral deconvolution method is implemented [12,43,122] as 
shown in Figures 10.10(b) and (c). The areas under the deconvoluted spectral signatures 
corresponding to the different silica species are computed and plotted in Figure 10.11. 
Since the peaks beyond -90 ppm represent silica polymorphs and other glassy phases of 
FFA which are left unreacted, they are not shown in Figure 10.11 or discussed further. 
 
Figure 10.11: Quantification of different Si species from the NMR spectra of non-
activated and activated FFA-OPC blends after 28 days of reaction 
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Table 10.1:  Allocation of various spectral bands to different silica species of various 
phases obtained [123] 
Chemic
al shift 
(ppm)  
71/73 76/79 82/83 88/90 96/97 100/1
01 
105/1
06 
109/1
10 
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16 
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Figure 10.11 and Table 10.1 are used here to elucidate the changes in reaction product 
structure and the degree of silica polymerization when OPC-FFA blends are activated using 
sodium sulfate. As shown in Table 10.1, the assignment of resonances between -70 to -80 
ppm are generally attributed to Q0 and the Q1 sites, which in this case represent the OPC 
clinker and unreacted FFA respectively. With the addition of sulfates, both the clinker and 
unreacted FFA signatures reduce, showing that the sulfate activation mechanism utilizes 
the starting materials better as opposed to a high volume fly ash-OPC blend where the 
effect of dilution dominates. The most prominent silica species representative of the 
reaction products are demonstrated at chemical shifts of -82 and -88 ppm (±1 ppm) 
respectively. Table 10.1 suggests that the silica species corresponding to -82 ppm is 
Q2(1Al), the presence of large amounts of which is indicative of the presence of Al in the 
gel structure. The Q2(1Al) structure is present in slightly higher quantities in the non-
activated case as can be seen from Figure 10.11. However, the presence of alkalis in the 
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sodium sulfate activated systems likely results in (N,C)-A-S-H gel as discussed earlier. The 
chemical shift in the -88 to -90 ppm range indicates this kind of a reaction product. 
10.6 Ascertaining Volume Stability under Internal/External Sulfate Attack 
 
Figure 10.12: Expansion test results of mortar beams according to ASTM C 1012 for 
OPC, CFA-OPC and FFA-OPC blends with or without 3% sodium sulfate, subjected to: 
(a) deionized water, and (b) 5% sodium sulfate solution 
Sulfate attack in OPC systems relies on the phase transformation of mono-sulfate crystals 
into the expansive ettringite phase by through consumption of sulfates in the presence of 
moisture [166]. The use of sodium sulfate as an activator in these binders increases the 
amount of sulfate within, thereby posing an increased risk of internal sulfate attack [167]. 
The presence of free sulfate ions could potentially lead to delayed ettringite formation 
(DEF) which could cause expansion at later ages [146,147,167].  
Figure 10.12 indicates the 30 and 90 day expansion values of OPC, CFA-OPC and FFA-
OPC mortar beams with and without activation, exposed to deionized water and 5% sulfate 
solution. As mentioned earlier, the expansion of mortar bars subjected to either deionized 
(a) (b
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water or a sodium sulfate solution was continuously evaluated for a period exceeding 90 
days; however, the values corresponding to two ages are only shown to facilitate succinct 
discussions. The samples were exposed to deionized water to identify the influence of free 
sulfate ions available within the specimen, which would then promote expansive behavior. 
However, from Figure 10.12(a) it can be seen that there is negligible expansion (0.005% 
to 0.01%, as opposed to the ASTM C 1012 threshold of 0.02%) until 90 days for all the 
specimens exposed to deionized water. 
When exposed to a sodium sulfate solution for 90 days, it can be noticed from Figure 
10.12(b) that the expansion for the FFA-OPC mortars (with and without added sulfates) 
are lower than those for the CFA-OPC blends and the plain OPC mortar. The fundamenta l 
difference between these two systems is the presence of reactive calcium in the latter case. 
The deleterious phases that could form in CFA-OPC blends and the OPC mortar on 
exposure to 5% sodium sulfate solution are gypsum and ettringite. The formation of these 
products relies on the availability of aluminates, mono-sulfate, and CH [167]. The presence 
of alumina and CH in CFA-OPC blends likely leads to the formation of gypsum on 
exposure to sodium sulfate. Note that it is thermodynamically favorable for dissolved 
calcium species from CH to form gypsum first in the presence of sulfates [168]. Formation 
of gypsum has also been proved to cause strength deterioration due to sulfate attack 
[167,168]. Also, in the CFA-OPC blends, there is an enhanced presence of ettringite (likely 
dehydrated) as was shown earlier in the paper.  The dehydrated ettringite crystals, on 
exposure to moisture, could rehydrate, thereby leading to expansion in these systems. 
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Microcracking in the CFA-OPC blends also could have contributed to the ingress of more 
amounts of reactive species into the specimen, causing increased expansion.  
For the FFA-OPC blends, the lack of sufficient calcium restricts the formation of large 
amounts of ettringite or mono-sulfate phases. It is plausible that the prevalent reaction 
mechanisms in such systems under the presence of external sulfates could result in the 
formation of stable salts such as aluminum or sodium sulfates. This aspect needs to be 
examined further in detail. Moreover, the FFA-OPC blends did not exhibit micro-cracking 
under normal curing conditions, thereby reducing the ingress of sulfates from the external 
solution and consequently the formation of gypsum.  
10.7 Summary 
This chapter has provided detailed insights into reaction kinetics, hydration products and 
fundamental material structure of high volume fly ash-OPC blends activated by a neutral 
salt such as sodium sulfate. CFA-OPC blends were found to be more reactive as far as heat 
release rates were concerned, and yielded a higher quantity of mono-sulfate phases. 
Cumulative heat flow was found to be enhanced with the addition of the sodium sulfate for 
blends containing both the fly ash type. Though the early age strength was higher for the 
CFA-OPC blends due to the presence of Ca bearing hydration phases, the activated FFA-
OPC blends demonstrated comparable later-age strengths due to the enhanced pozzolanic 
reaction. Porosity results of the activated blends also corroborated to the strength 
responses. The results of the expansion test have also conformed with the pore structure 
characteristics and CH consumption data, to showcase the stability of free sulfate ions 
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present within the sample, and perform better than conventional OPC mortar beams from 
a durability standpoint. 
XRD confirmed that CH was better utilized in the FFA-OPC blends, along with the 
presence of lower amounts of ettringite as compared to the CFA-OPC blends.   FTIR and 
29Si MAS NMR spectroscopy enabled an understanding of polymerization of the silica 
species and the incorporation of Al in the gel network as a result of activation and as a 
function of the fly ash type. Si-O-T peak representing the silica polymerization was higher 
for CFA-OPC blends due to the presence of calcium at early ages; however, FFA-OPC 
blends indicated a comparable degree of polymerization at later ages attributable to the 
pozzolanic reaction. The Q0, Q1, and Q2 structures indicate the presence of C-A-S-H and 
(N,C)-A-S-H gels in the FFA-OPC blends. The NMR signatures also indicate that the 
presence of sulfates results in better utilization of the starting materials in high volume 
FFA-OPC blends as compared to non-activated systems. 
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11 CONCLUSION AND FUTURE WORK 
11.1 Conclusion 
11.1.1 Fresh Paste Characteristics of Alkali activated Slag: 
 The amount of sodium silicate activator in the alkali activated slag paste due to the 
high affinity of silica to retain water allowing for the increased viscosity of the 
resultant pastes.  
 Addition of sodium hydroxide in the alkali activated slag pastes allowed for 
increased hydrotalcite formation; which is a layered double hydroxide structure 
allowing for an easier moisture loss during its fresh state 
 Isothermal calorimetry and rheology proves the formation of Si-rich gel layer being 
formed on the slag particles leads to an increase in the interlocking of particlesto 
induce an early paste stiffening behavior for an alkali activated slag paste with a 
higher silicate content. 
11.1.2 Spectroscopic studies on the influence of time and temperature effects on alkali 
activated slag and fly ash binders 
 The wavenumbers attributed to Si-O-T asymmetric stretching vibration dropped 
until about 12 or 24 hours depending on the silica modulus and cation type 
followed by a gradual increase. The severing of the silica bonds and its substitut ion 
by Al and Na ions resulted in this response. 
 The wavenumbers corresponding to the Na silicate activated pastes were lower 
than those of the K activated pastes at later ages. This was ascribed to the increase 
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in NBO concentration, resulting from better activation in the presence of Na 
silicates, which moves the Si-O-T asymmetric stretching to lower wavenumbers.  
 NMR spectroscopy was used to confirm the nature of Na and Al incorporation in 
the gel along with the polymerization of Si. The degree of reaction (extracted from 
the remnant Q0 species) were also higher for the Na silicate activated pastes cured 
under ambient and elevated temperatures.  
 Structural differences in the spectra of 29Si NMR of raw slag and fly ash powders 
indicated the difference in the nature of reactive and glassy phases of silica present. 
This indicated its influence of the polymerization of C-A-S-H and N-A-S-H gels 
and its dependency on the silica modulus 
 The spectrum of 27Al MNR indicated the presence of hydrotalcite in alkali activated 
slag pastes owing to a high intensity peak occurring around 0 ppm owing to moe 
octahedral Al which was absent in the spectrum of alkali activated fly ash. The rise 
in the tetrahedral peak for Al NMR spectra was more for alkali activated slags as 
opposed to those of the alkali activated fly ash. 
 23Na NMR spectrum highlighted the evolution of the hydration states and the 
increase in crystallinity with time and temperature for alkali activated slag and fly 
ash binders respectively. 
11.1.3 Fracture and crack resistance properties of alkali activated slag  
 The flexural strengths and fracture energies increased with an increasing activator 
Ms, due to reduction in Ca/Si ratio of the C-A-S-H gel and an increase in gel 
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polymerization. Both the elastic and inelastic components of the strain energy 
release rates (GR) also increased with an increasing Ms. 
 OPC mortar also yielded the lowest elastic strain energy release rate, indicative of 
the lowest resistance capacity to crack extension  
 Digital image correlation (DIC) was used to explore the FPZs which indicated a 
higher length for the OPC mortar as compared to the activated slag mortars, despite 
the high strain in the localized zone being higher for the activated slag mortars. 
With an increasing Ms of alkali activated slag mortar, FPZ areas were found to 
reduce.  
 The relationship between crack tip opening displacement (CTOD) and crack 
extension (a) suggested a fundamentally different fracture behavior until peak 
load – indicating a significant crack opening for the alkali activated slag mortar 
while a higher crack extension for the OPC mortar 
11.1.4 Transport properties and chloride binding for alkali activated slag binders 
 The formation of hydrotalcite phase in alkali activated slag binders is dependent on 
the composition of the raw slag binder and the activator solution. It was evident 
from the thermogravimetric studies and X-ray diffraction spectra that a higher 
hydrotalcite phase formation is observed for the alkali activated slag binder 
activated with a higher sodium hydroxide content. 
 The structure of hydrotalcite is a layered double hydroxide which facilitates ion 
exchange process to bind with chloride ions to form Friedel’s salt. The alkali 
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activated slag with low Ms thus indicates the highest probability for chloride 
binding. 
 The ICP-OES analysis indicated a higher pore solution conductivity for alkali 
activated slag with a lower Ms, while a higher porosity was obtained for the alkali 
activated slag binder proportioned using a higher Ms. The resultant charge passed 
for the NSSM test to evaluate chloride transport properties, indicated a higher a 
higher charge passed for the alkali activated slag proportioned using a higher Ms. 
This indicates that the porosity was a dominant factor masking the influence of high 
pore solution conductivity for alkali activated slag paste. 
11.1.5 Alkali activation of fly ash-OPC pastes using a neutral salt  
 The early age strength was higher for the CFA-OPC blends due to high reactive 
calcium content while the activated FFA-OPC blends demonstrated comparable 
later-age strengths due to the enhanced pozzolanic reaction.  
 The expansion test conformed with the pore structure characteristics and CH 
consumption data, to showcase the stability of free sulfate ions present within the 
sample, and perform better than conventional OPC mortar beams from a durability 
standpoint. 
 FTIR and 29Si MAS NMR spectroscopy enabled an understanding of 
polymerization of the silica species and the incorporation of Al in the gel network 
as a result of activation and as a function of the fly ash type. Si-O-T peak 
representing the silica polymerization was higher for CFA-OPC blends as 
compared to the FFA-OPC blends. 
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 The Q0, Q1, and Q2 structures indicate the presence of C-A-S-H and (N,C)-A-S-H 
gels in the FFA-OPC blends with the presence of sulfates resulting in a better 
consumption of the starting materials in high volume FFA-OPC blends as 
compared to non-activated systems. 
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11.2 Recommendations for Future Work 
Further studies can be performed for better characterization of these systems: 
1. Shrinkage behavior can be characterized by subjecting the fresh paste to different 
pressure and temperature conditions to study the moisture loss, in order to identify 
the optimized zone of reduced shrinkage behavior for binders with varying 
compositions 
2. Chloride binding studies can be conducted for longer duration in order to 
investigate the possibility of pore refinement preventing chloride ion diffusion in 
the binder 
3. In continuation to the previous study of chloride transport and binding, corrosion 
resistance of the alkali activated binders can be investigated, since it is known from 
previous literature that high alkalinity aids in creating a passive layer around 
reinforcing steel to reduce the effect of corrosion 
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